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Abstract A golden age for heavy quarkonium physics dawned
a decade ago, initiated by the confluence of exciting ad-
vances in quantum chromodynamics (QCD) and an explo-
sion of related experimental activity. The early years of this
period were chronicled in the Quarkonium Working Group
(QWG) CERN Yellow Report (YR) in 2004, which pre-
sented a comprehensive review of the status of the field at
that time and provided specific recommendations for fur-
ther progress. However, the broad spectrum of subsequent
breakthroughs, surprises, and continuing puzzles could only
be partially anticipated. Since the release of the YR, the
BESII program concluded only to give birth to BESIII; the
B-factories and CLEO-c flourished; quarkonium production
and polarization measurements at HERA and the Tevatron
matured; and heavy-ion collisions at RHIC have opened a
window on the deconfinement regime. All these experiments
leave legacies of quality, precision, and unsolved mysteries for
quarkonium physics, and therefore beg for continuing inves-
tigations at BESIII, the LHC, RHIC, FAIR, the Super Fla-
vor and/or Tau-Charm factories, JLab, the ILC, and beyond.
The list of newly-found conventional states expanded to in-
clude hc(1P), xe2(2P), BF, and n,(15). In addition, the
unexpected and still-fascinating X (3872) has been joined by
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more than a dozen other charmonium- and bottomonium-like
“XYZ” states that appear to lie outside the quark model.
Many of these still need experimental confirmation. The
plethora of new states unleashed a flood of theoretical in-
vestigations into new forms of matter such as quark-gluon
hybrids, mesonic molecules, and tetraquarks. Measurements
of the spectroscopy, decays, production, and in-medium be-
havior of ¢€, bb, and b¢ bound states have been shown to val-
idate some theoretical approaches to QCD and highlight lack
of quantitative success for others. Lattice QCD has grown
from a tool with computational possibilities to an industrial-
strength effort now dependent more on insight and innovation
than pure computational power. New effective field theories
for the description of quarkonium in different regimes have
been developed and brought to a high degree of sophistication,
thus enabling precise and solid theoretical predictions. Many
expected decays and transitions have either been measured
with precision or for the first time, but the confusing pat-
terns of decays, both above and below open-flavor thresholds,
endure and have deepened. The intriguing details of quarko-
nium suppression in heavy-ion collisions that have emerged
from RHIC have elevated the importance of separating hot-
and cold-nuclear-matter effects in quark-gluon plasma stud-
ies. This review systematically addresses all these matters
and concludes by prioritizing directions for ongoing and fu-
ture efforts.
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Dedication

We dedicate this review to the memories of three
friends of the Quarkonium Working Group. Richard Ga-
lik, building on his leadership role in quarkonium physics
at CLEO, supported and guided our efforts from the
start. His relentless focus, unyielding objectivity, and
insistent collegiality continue to inspire those who knew
him. Beate Naroska pioneered quarkonium measure-
ments at HERA and enthusiastically advocated for the
2007 QWG meeting at DESY as a member of the local or-
ganizing committee. A visionary scientist and dedicated
teacher, she made invaluable and enduring contributions
to our field. Andrzej Zieminski had a longstanding de-
votion to the study of quarkonium production in hadron
collisions. He worked energetically to ensure the success
of the inaugural QWG meeting in 2002 as a convener of
the QCD Tests Working Group, and continued his sus-
taining commitment as liason to the D@ Collaboration.
We remember Rich, Beate, and Andrzej with fondness
and gratitude.

1. INTRODUCTION

Heavy quarkonium is a multiscale system which can
probe all regimes of quantum chromodynamics (QCD).
At high energies, a perturbative expansion in the strong
coupling constant ag(Q?) is possible. At low ener-
gies, nonperturbative effects dominate. In between, the
approximations and techniques which work at the ex-
tremes may not succeed, necessitating more complex ap-
proaches. Hence heavy quarkonium presents an ideal
laboratory for testing the interplay between perturba-
tive and nonperturbative QCD within a controlled envi-
ronment. To do so in a systematic manner requires the
intersection of many avenues of inquiry: experiments in
both particle physics and nuclear physics are required;
perturbative and lattice QCD calculations must be per-
formed in conjunction with one another; characteristics
of confinement and deconfinement in matter must be con-
fronted; phenomenology should be pursued both within
the Standard Model and beyond it. Above all, exper-
iments must continue to provide measurements which
constrain and challenge all aspects of QCD, and theory
must then guide experiment toward the next important
observables.

Effective field theories! (EFTs) describing quarkonium
processes have continued to develop and now provide a
unifying description as well as solid and versatile tools
yielding well-defined predictions. EFTs rely on higher-
order perturbative calculations and lattice simulations.
Progress on both fronts has improved the reach and pre-

1 EFTs such as HQEFT, NRQCD, pNRQCD, SCET, ..., are de-
scribed elsewhere in this article.

cision of EFT-based predictions, enabling, e.g., the in-
creasingly precise determinations of several fundamental
parameters of the Standard Model (i.e., as, m., and my).

Several experiments operating during this era, primar-
ily BABAR at SLAC and Belle at KEK), CLEO-IIT and
CLEO-c at CESR, CDF and D@ at Fermilab, and BESII
and BESIIT at IHEP have, in effect, operated as quarko-
nium factories, vastly increasing the available data on
quarkonia spectra and decays. Over the same period,
investigations of quarkonium production in fixed target
experiments at Fermilab and CERN, HERA-B at DESY,
and PHENIX and STAR at RHIC have vastly increased
the knowledge base for cold- and hot-medium studies.
The resulting variety of collision types, energy regimes,
detector technologies, and analysis techniques has yielded
quarkonium-related physics programs that are both com-
petitive and complementary. Taken together, the exper-
imental programs provide the confirmations and refuta-
tions of newly observed phenomena that are crucial for
sustained progress in the field as well as the breadth and
depth necessary for a vibrant quarkonium research envi-
ronment.

The Quarkonium Working Group (QWG) was formed
in 2002 as a dedicated and distinct effort to advance
quarkonium studies by drawing sometimes disparate
communities together in this common cause. QWG ac-
tivities bring experts in theory and experiment together
to discuss the current status and progress in all the rel-
evant subfields. Subsequent participant interactions are
intended to synthesize a consensus of progress and priori-
ties going forward. Periodic QWG meetings have been ef-
fective in achieving this function. The exhaustive CERN
Yellow Report [1], the first document produced by QWG
detailing the state of quarkonium physics and suggestions
for future efforts, was released in 2004 to embody such
a synthesis. Since that report appeared, much has been
accomplished in theory and experiment, warranting an
updated review.

This review provides a comprehensive exploration of
heavy quarkonium physics applicable to the landscape of
2010, with particular emphases on recent developments
and future opportunities. The presentation is organized
into five broad and frequently overlapping categories:

e Spectroscopy (Sect. 2), which focuses on the ex-
istence, quantum numbers, masses, and widths
of heavy quarkonium (or quarkonium-like) bound
states;

e Decay (Sect. 3), an examination of the patterns
and properties of quarkonia transitions and decays,
with special attention given to the decay dynamics
and exclusive final-state branching fractions;

e Production (Sect. 4), the study of heavy quarko-
nium creation in ete™, pp, £p, vp, and pp collisions;

e In medium (Sect. 5), the investigation of decon-
finement and formation of quark-gluon plasma in



heavy-ion collisions via measurement of quarko-
nium suppression;

e Experimental outlook (Sect. 6), the status and
physics reach of new and planned experimental fa-
cilities.

Below we briefly introduce and motivate each of these
sections.

Heavy quarkonium spectroscopy examines the tableau
of heavy-quark bound states, thereby providing the start-
ing point for all further investigations. Which states ex-
ist? Why? What are their masses, widths, and quantum
numbers? Which states should exist but have not yet
been observed? Does QCD fully explain the observed
terrain? If not, why? New experimental and theoreti-
cal efforts over the last decade have provided some an-
swers to these questions, while also raising new ones.
Some long-anticipated states have, at last, been mea-
sured (e.g., he(1P), 1n.(25), and 7,(1S5)), while many
unanticipated states (e.g., X(3872) and Y (4260)) also
appeared. Does the underestimation of the 7,(15) hyper-
fine splitting by some QCD calculations indicate faults
in application of theory, inaccuracy of measurements, or
the presence of new physics? Have we observed mesonic
molecules? Tetraquarks? Quark-gluon hybrids? How
would we know if we had? How many of the new states
are experimental artifacts? Do X (3872) decay patterns
comport with those of any conventional quarkonium? Is
X (3872) above or below D**D? threshold? Is the ete~
hadronic cross section enhancement near 10.86 GeV sim-
ply the T(5S5) resonance or does T (5S5) overlap with a
new Y, state, as suggested by recent dipion transition
data? These questions, among many others, animate
continuing theoretical and experimental spectroscopic in-
vestigations.

For states away from threshold, theory provides a de-
scription, at the level of the binding-energy scale, in the
form of an EFT called pNRQCD. Precise and accurate
calculation of the 7,(1S) hyperfine splitting remains a
challenge for both perturbative and lattice calculations.
With one exception, no EFT description has yet been
constructed nor have the appropriate degrees of freedom
been clearly identified for most new states close to thresh-
old. The exception is X (3872), which displays universal
characteristics due to its proximity to D*°D° threshold,
thus prompting a plethora of calculations based on a sin-
gle elegant formalism. Spectroscopy has advanced from
both direct and EFT-formulated lattice calculations. In
general, however, the threshold regions remain trouble-
some for the lattice as well as EFTs, excited-state lattice
calculations have been only recently pioneered, and the
full treatment of bottomonium on the lattice remains a
challenge.

A substantial challenge in the realm of quarkonium de-
cay is for theory to keep pace with the large number of
new measurements. These include increasingly precise
measurements of prominent decay modes (e.g., dilepton
branching fractions and widths of J/¢ and T, branching

fractions for and dynamical descriptions of dipion tran-
sitions from ¢(25) and T (nS)), and first measurements
or important refinements of previously low-statistics re-
sults (e.g., J/¢v — 3v; J/¢p — n.(15); Y(4S) —
7tr=Y(15,25,35)), and the burgeoning lists of exclu-
sive hadronic decay modes (e.g., .(15) and xps). Some
previously puzzling situations (e.g., theory-experiment
disagreements for higher-order multipoles in ¥(2S) —
YXeds Xes — vJ/¥) have been resolved by improved mea-
surements while others (e.g., the pm puzzle, suppressed
¥(25) and Y(1S5) decays to yn) remain. Has the two-
peak dipion mass structure in Y(3S) — at7~Y(1S)
been explained? What exactly is the source of the dis-
torted photon lineshape in J/¢¥ — 41.(15)? Does the
¥(3770) have non-DD decay modes summing to more
than ~ 1%? Our review of decays details new measure-
ments and addresses these and related questions.

For a quarkonium with a small radius, an EFT descrip-
tion of radiative magnetic dipole transitions has been re-
cently obtained, replacing the now-outdated model de-
scription; its extension to electric dipole transitions and
to states with larger radius is needed. Steady improve-
ment in NRQCD inclusive decay-width calculations has
taken place in higher-order expansions in the velocity and
strong coupling constant as well as in the lattice evalu-
ation of matrix elements. Predictions match measure-
ments adequately at the level of ratios of decay widths.
Further improvements would require the lattice calcula-
tion or data extraction of the NRQCD matrix elements
and perturbative resummation of large contributions to
the NRQCD matching coefficients. The new data on
hadronic transitions and hadronic decays pose interesting
challenges to the theory.

The pioneering measurements of quarkonium produc-
tion at the Tevatron were carried out in the early 1990s.
Soon after, NRQCD factorization became the standard
tool for theoretical calculations. Since then, the Teva-
tron, B-factories, and HERA have all performed impor-
tant measurements, some of which have given rise to in-
consistencies, puzzles, and new challenges for both theory
and experiment. Among these are apparent inconsisten-
cies in quarkonium polarization at the Tevatron between
Run I and Run II for the J/v, between CDF and D@ for
the YT, and between experiment and NRQCD factoriza-
tion predictions for both. At least as surprising was the
observation at the B-factories that close to 60% of ete™
collisions that contain a .J/v also include a charm meson
pair. Photoproduction measurements at HERA revealed
discrepancies with LO NRQCD factorization predictions.
In response to these and other challenges, the theory of
quarkonium production has progressed rapidly.

NRQCD factorization is the basis for much of the cur-
rent theoretical work on quarkonium production. Fac-
torization in exclusive quarkonium production has re-
cently been proven to all orders in perturbation theory for
both double-charmonium production in ete~ annihila-
tion and B-meson decays to charmonium and a light me-
son. NRQCD factorization for inclusive quarkonium pro-



duction has been shown to be valid at NNLO. However,
an all-orders proof of factorization for inclusive quarko-
nium production remains elusive. This is a key theo-
retical issue, as a failure of factorization at any order
in perturbation theory would imply that there are large,
non-factorizing contributions, owing to the presence of
soft-gluon effects.

Corrections to hadroproduction have been calculated
at NLO, and, in the case of the color-singlet channel,
partially at NNLO, even though just a few years ago
these calculations were thought to be barely possible.
The new calculations show that, because of kinematic
enhancements, higher-order corrections can be orders of
magnitude larger than the Born-level contributions. In
the case of double-charmonium production in ete™ colli-
sions, relativistic and perturbative corrections increased
the predicted cross sections by more than a factor of four,
bringing them into agreement with experiment. New
NRQCD factorization calculations of quarkonium pho-
toproduction to NLO at HERA have also moved predic-
tions into agreement with experiment. The importance
of higher-order corrections has raised the issue of the con-
vergence of the perturbation series. New methods to ad-
dress this issue are on the horizon.

New observables have been proposed that may help
us to understand the mechanisms of quarkonium pro-
duction. For example, alternative methods for obtaining
information about the polarization of produced quarko-
nia have been suggested. The associated production of
quarkonia may also be an important tool in understand-
ing new states. The production characteristics of the
X (3872) may shed light on its exotic nature. The im-
proved theoretical landscape will soon be confronted with
the first phase of running at the LHC, where charmonium
and bottomonium production will be measured with high
statistics in a greatly extended kinematic range.

The study of quarkonium in medium has also un-
dergone crucial development. The large datasets from
heavy-ion collisions at RHIC suggest that the quark-
gluon plasma is actually more like a liquid than a plasma.
The suppression of quarkonium production in a hot
medium was proposed as a clean probe of deconfined
matter. However, the use of quarkonium yields as a diag-
nostic tool of the hot medium has turned out to be quite
challenging. Indeed, quarkonium production was already
found to be suppressed by cold-nuclear-matter effects in
proton-nucleus collisions. Such effects require dedicated
experimental and theoretical attention themselves. In
high-energy environments such as at heavy-ion colliders,
where more than one QQ pair may be produced in a
collision, coalescence of @ and @ can lead to secondary
quarkonium production, requiring understanding of the
transport properties of the medium to separate primary
and secondary quarkonium production. The interpreta-
tion of in-medium hot matter effects requires understand-
ing the QQ interaction in terms of finite temperature (77)
QCD. The successful Hard Thermal Loop effective the-
ory integrates over the hardest momenta proportional to

T for light quark and gluon observables. To extend the
Hard Thermal Loop theory to heavy quarkonium at fi-
nite temperature, the additional scales introduced by the
bound state must be taken into account. Recently there
has been significant progress in constructing a pertur-
bative EFT description of quarkonium at finite T, re-
sulting in a clearly defined potential. This potential dis-
plays characteristics that are considerably different from
the phenomenological, lattice-inspired description used
up to now with well-defined phenomenological implica-
tions, as we further discuss. The higher energy of the
heavy-ion collisions at the LHC will expand the study
of quarkonium in media to bottomonia production and
suppression. These studies will be crucial for arriving at
a uniform description of heavy quarkonia in cold and hot
nuclear matter.

Lastly, we turn our attention to a discussion of the
experimental outlook in the near term as well as longer-
term prospects. For the LHC, the future is now, with the
first quarkonium data presented this year. While the pre-
liminary data are encouraging, the full potential for LHC
quarkonium studies is still to come. There is a future in
low energy quarkonium hadroproduction studies as well,
including two experiments at GSI in Darmstadt, Ger-
many. PANDA will make precision spectroscopy studies
in pp and pA interactions, while the CBM detector will
make fixed-target studies of pA and AA interactions to
further the understanding of quarkonium production and
suppression in high baryon-density matter. Quarkonium
physics goals at the currently-running BESIII, as well
as at proposed super flavor and tau-charm factories are
also discussed. Measurements of quarkonium photopro-
duction offer important insight into the gluon generalized
parton distribution (GPD) in nuclei, the role of color cor-
relations, and the color-dipole nature of quarkonia under-
going elastic scattering at high energies. These investiga-
tions can be performed at JLab, CERN, and the EIC in
the medium term at lower energies, whereas higher en-
ergy studies will have to await the ENC, EIC, or LHeC.
Important top quark measurements with high precision
can be performed at a future eTe™ linear collider (ILC
or CLIC) in the region just above ¢t threshold. Overall,
an extremely active and ambitious future lies ahead for
the study of heavy quarkonia with new facilities.



2. SPECTROSCOPY?

Spectroscopy is, in part, bump-hunting in mass spec-
tra. Of late, progress has occurred mostly at eTe™ col-
liding beam facilities (BES at BEPC, CLEO at CESR,
BABAR at PEP-II, Belle at KEKB, KEDR at VEPP-
4M), but other venues have gotten into the game as
well, including E835 at Fermilab (pp gas-jet target) and
CDF and D@ at the Tevatron pp collider. Tevatron
searches target inclusive production of a fully recon-
structed state, and can best succeed when the presence
of leptons (e.g., J/¢b — pTu~) or displaced vertices
(e.g., B-decay) can suppress backgrounds and when there
is no need to observe photons. The main strength of
ete™ colliders is the capability to obtain large datasets
at or near charmonium and/or bottomonium vector state
masses with well-known initial-state quantum numbers
and kinematics. Modern eTe™ detectors feature preci-
sion charged particle trackers, electromagnetic calorime-
ters, Cherenkov-radiation imagers or time-of-flight tag-
gers, and muon filters, which together allow measurement
of the individual decay remnants: v, e, p*, 7%, K+,
p(p). These capabilities in ete™ collisions are exploited
using the following techniques:

Full event reconstruction: Datasets taken on-
resonance at vector quarkonium masses allow full recon-
struction of cascade transitions involving another state
(e.g., ¥(2S) — 7he, he — M(1S) or Y (4260) —
Tta= J/).

Inclusive spectra: One or more final state particles
are selected in each event. The measured four-momenta
are then used to search directly for mass peaks, or indi-
rectly via missing mass; ¢.e., the mass recoiling against
the particle(s) selected. Two examples are an inclusive
photon or 7% momentum spectrum to identify transitions
(e.g., Y(38) — ymy or ¥(2S) — 7°h.(1P)), which typ-
ically have small signals on very large backgrounds. In
the continuum reaction e™e™ — X J /14 with J /1) — £T4~
(double-charmonium production), the unmeasured parti-
cle(s) X can be identified via peaks in the missing mass
spectrum.

Energy scan: Scans in ete™ center-of-mass energy
(v/s) can map out vector resonances via either inclusive
hadronic-event counting (R) and/or exclusive final states
(e.g., DD*). This does not use machine time efficiently,
however, because accelerators work best when operated
at a single energy for a long time so tuning can opti-
mize the instantaneous luminosity. Competing priorities
usually limit the duration of such scans.
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~~-fusion: The process ete™ — ete 7y
ete™ X allows searches for a large range of masses for
X, but X is restricted to having spin-0 or 2 and positive
C-parity (e.g., nc(2S) or xc2(2P)). The outgoing ete™
tend to escape the detector at small angles, leaving X
with very small momentum transverse to the beamline.

ISR: Initial-state radiation (ISR) allows access to all
vector states with masses below the /s value of the
ete™ collision. The effective luminosity per unit of ra-
diative photon energy (or the mass recoiling against it)
is well-known, allowing for well-normalized exposures at
all masses. The ISR photon tends to escape the de-
tector at small angles, leaving the recoiling state with
small momentum transverse to the beam but large mo-
mentum along it. While the rate for ISR production
at any fixed /s is small per unit luminosity, factory-
sized datasets at BABAR and Belle make this a viable tool
(e.g., ete™ — vY(4260), eTe™ — yDD*), and the simul-
taneous exposure of all allowed masses recoiling against
the ISR photon contrasts with the discrete points avail-
able from a direct eTe™ scan.

B-decays: Large B-factory datasets at the Y(45)
make it possible to utilize two-body kinematics to search
for exclusive decays of B-mesons (e.g., B — KZ;").

It is worth emphasizing here that the key tenet of
experimental science is that discoveries must be repro-
ducible and wverified by independent parties as a prereq-
uisite for general acceptance. This is no small point in a
period such as the present when the world has been bom-
barded with more than one new state found per year. It
is worth pondering spectra which initially were thought
to indicate new states in the heavy quarkonium mass
region but were later proven otherwise by independent
measurements. Such occurrences happen to the best of
experiments and most often can be attributed to fluc-
tuations and/or extremely subtle systematic effects, not
overt analysis blunders. Figure 1 highlights two such
examples. Figures 1(a) and (b) show dielectron mass
distributions observed [2] inclusively in 400 GeV proton
collisions on beryllium. A .J/1¢ peak is clearly seen in (a)
while there is an apparent peak near 6 GeV in (b). The
authors estimated a 2% probability that the 6 GeV peak
was due to background fluctuations, explicitly cautioned
that confirmation was needed, and suggested that the
name “Y” be given to this or any subsequently confirmed
high-mass dilepton peak. The 6 GeV phenomenon was
not confirmed several months later in a dimuon version [3]
of the same experiment. The same authors discovered the
true Y(15) shortly thereafter [4]. Figures 1(c) and (d)
show an inclusively selected photon-energy distribution
in ¢(2S) decays [5]. The size of the peak near 91 MeV
represents a branching fraction of 0.8% and has statisti-
cal significance of > 60. The peak position corresponds
to a mass recoiling against the photon of 3594+5 MeV
and a width I'<8 MeV. The result stood as an 7.(25)
candidate for twenty years. It was finally refuted [6] as
having B<0.2% at 90% CL (confidence level). Incidents
such as these (and many others) have led many experi-
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FIG. 1: (a), (b) Dielectron mass distributions from inclusively
selected proton-on-beryllium collisions [2], in which dashed
curves indicate estimated backgrounds. (c) Inclusive pho-
ton energy distribution in 1(2S) decays [5] (points with error
bars), showing a fit (solid line) to a signal and a smooth back-
ground (dashed line). Part (d) is the same as (c) but with the
smooth backgrounds subtracted. Both peaks were later re-
futed. Adapted from [2, 5] with kind permission, copyrights
(1976, 1982), respectively, The American Physical Society

ments to adopt more stringent criteria and procedures for
establishing signals. These include requiring a threshold
of “bo” statistical significance for claiming “observation”,
allowing systematic variations to reduce the reported sig-
nificance, tuning of selection criteria on small subsamples
of data not used in the signal search, and the intentional
obscuring of signal regions until cuts are frozen (so-called
“blind” analysis). However, every potential signal de-
serves independent confirmation or refutation.

This section will first focus on recent measurements:
What is the current status of each state? How were
the measurements performed? Which need verification?
Which are in conflict? Then the theoretical issues will be
addressed.

2.1. Conventional vectors above open-flavor
threshold

Here we describe recent measurements relevant to the
determinations of mass, width, and open-charm content
of the four known vector charmonia above open-charm
threshold. These states were first observed thirty years
ago in ete™ annihilation as enhancements in the total
hadronic cross section [7-11]. No update of their pa-
rameters was made until 2005, when a combined fit to
the Crystal Ball [12] and BES [13] R-measurements was
performed by Seth [14]. Even more recently, BES [15]
reported new parameter values for the ¢ resonances. A
plethora of open charm cross section measurements has
become available and is discussed in what follows. Fi-
nally, recent studies of resonant structures just above the
open-bottom threshold are described.

2.1.1.  Vectors decaying to open charm

The total cross section for hadron production in ete™
annihilation is usually parametrized in terms of the ratio
R, defined as

o(ete™ — hadrons)
olete” = ptp~)

R= , (1)

where the denominator is the lowest-order QED cross
section,

4
tem wutu) = : 2
e wrpT) %5 (2)

o(e

Away from flavor thresholds, measured R values are con-
sistent with the three-color quark model predictions plus
terms governed by QCD and the running of o, (Q?). Res-
onant states in the vicinity of flavor thresholds can be
studied with fits of measured R distributions. As a part
of a study of open charm cross sections in the region
from 3.97-4.26 GeV, CLEO [16] published radiatively
corrected R-values as shown in Fig. 2. These are in good
agreement with earlier measurements [12, 13], which are
also shown, demonstrating that in this energy range R
values are reasonably well-vetted experimentally.

The extraction of resonance parameters from such R
measurements, however, has evolved in complexity, caus-
ing systematic movement in some of the parameters over
time. The latest BES [15] fit to their R-scan data is
more sophisticated than previous efforts and includes the
effects of interference and relative phases, as shown in
Fig. 3 and Table 1. To take into account interference,
BES relied on model predictions for branching fractions
of 1 states into all possible two-body charm meson final
states. Thus the measured parameters from this fit still
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FIG. 2: Measurements of R, including radiative corrections,
in the open charm region. From Crystal Ball [12], BES [13],
and CLEO [16]. Adapted from [16] with kind permission,
copyright (2009) The American Physical Society
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FIG. 3: From BES [15], measured R values from data (dots
with error bars) and curves showing the best fit (solid) and the
contributions of its components: continuum background (long
dashed), individual resonance (dotted), interference (dash-dot-
dot), and the summation of the nonbackground curves (short
dashed). Adapted from [15] with kind permission, copyright
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include some model uncertainties which are difficult to es-
timate. Other systematic uncertainties are estimated us-
ing alternative choices and combinations of Breit-Wigner
forms, energy dependence of the full width, and contin-
uum charm background. It was found that the results
are sensitive to the form of the energy-dependent total
width but are not sensitive to the form of background.
In a separate analysis, BES [19] fit their R data from
3.65-3.90 GeV, finding a 7o preference for two inter-
fering lineshapes peaked near 3763 and 3781 MeV rel-
ative to a single such shape for the (3770), although
other sources for the observed distortion of a pure D-
wave Breit-Wigner are possible (see also Sect. 3.4.4). A
very recent preliminary analysis of KEDR, [20] eTe™ scan
data near the ¥ (3770) applies an extended vector dom-
inance model and includes interference with the tail of
the 1(2S5) resonance, concluding that the latter interfer-
ence causes a significant shift upward in the fitted peak
of the 9(3770) as compared to most previous fits, in-
cluding those of BES. The KEDR measurements are not
consistent with the two-peak distortion seen by BES.

For determination of the resonance parameters in the
open charm region, inclusive hadronic cross section mea-
surements appear not to supply enough information to
determine the relative strength of different decay chan-
nels. More data and more reliable physical models ap-
pear to be needed in order to make further progress. The
PDG-supplied parameters in Table 1 bypass these issues
and provide parameters under the simplest of assump-
tions, which may or may not turn out to be correct.

Detailed studies of the open-charm content in the char-
monium region were not undertaken until large datasets
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TABLE 1: The resonance parameters of the high-mass char-
monia from the BES global fit [15] together with the values
from PDGO04 [17], Seth [14], and PDGO8 [18]

Resonance m (MeV) T, (MeV) 6 (°) Ref.
3769.9£2.5  23.6£2.7 PDGO04 [17]
$(3770) 37711424 23.042.7 Seth [14]
3772.0£1.9 304485 0 BES [15]
3772.92+0.35 27.3+1.0 PDGO8 [18]
4040+1 52410 PDGO4 [17]
$(4040)  4039£1.0  80+£10 Seth [14]
4039.6+4.3 84.5+12.3 130+46 BES [15]
4159420 78420 PDGO4 [17]
1 (4160) 4153+3 103+£8 Seth [14]
4191.746.5 71.8412.3 293+57 BES [15]
4415+6 43+15 PDGO04 [17]
$(4415) 442144 6220 Seth [14]
44151479  71.5+£19.0 234488 BES [15]

were obtained by CLEO at discrete energy points and
by the B-factory experiments using radiative returns to
obtain a continuous exposure of the mass region. The
picture that has emerged is complex due to the many
thresholds in the region, nine of which are two-body fi-
nal states using allowed pairs of D, D+, D*0 D*+ D,
and D**. Moreover, distinguishing genuine two-body
from “multibody” decays (e.g., DD* from D°D~zt)
poses a challenge. Experimentally, the data are consis-
tent where measurements overlap; significant discrepan-
cies with some predictions mean that theoretical work
remains.

Exclusive eTe™ cross sections for hadronic final states
containing charm mesons were studied by several groups.
In the /s = 3.7—5 GeV energy region, Belle [21-26], and
BABAR [27-29] used initial-state radiation (ISR) to reach
the charmonium region, and CLEO used its large data
sample taken at the 1(3770) peak [30] and its scan over
Vs = 3.97 — 4.26 GeV [16]. Some of these results can
be seen in Table 2 and Figs. 4 and 5. Measurements
of the neutral to charged DD cross section ratio at the
1(3770) peak show consistency but the PDGO08 [18] world
average, 1.260 £ 0.021, is dominated by the CLEO [30]
value. The DD cross sections across the entire charm
energy range from Belle [21] and BABAR [27] appear in
Fig. 4 and are consistent with one another. Both observe
a structure in the ISR DD cross section (Figs. 4(a) and
(b)), known as G(3900), which must be taken into ac-
count to describe both the DD cross section and R in
the region between ¥ (3770) and 1(4040). The G(3900)
is not considered to be a specific c¢ bound state, as it is
qualitatively consistent with a prediction from a coupled-
channel model [34]. The D*D*~ cross sections from
Belle [22] and BABAR [28] exhibit a single broad peak near
threshold whereas D**D*~ results [22, 28] feature sev-
eral local maxima and minima across this energy range.
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FIG. 4: Measured eTe™ exclusive open-charm meson- or
baryon-pair cross sections for /s = 3.7 — 5.0 GeV from
Belle and BABAR, showing (a) DD [21]; (b) DD [27];
(¢) D™D*~ [22]; (d) DD* for D = D" (solid squares)

and D = D% (open circles) [28]; (e) D*TD*~ [22];
(f) D*D* [28]; (g) D°D~x" [23]; (h) D°D*~xt [24];
(i) AFA; [25]. Vertical dashed lines indicate i masses in
the region. Adapted from [21-25, 27, 28] with kind per-

mission, copyrights (2008,2007,2008,2009,2008,2007,2008), re-
spectively, The American Physical Society

The ete™ — A A, cross section measured by Belle [25],
shown in Fig. 4(i), exhibits a substantial enhancement
just above threshold near 4.6 GeV(addressed below).

BABAR [28, 29] performed unbinned maximum like-
lihood fits to the DD, DD*, D*D*, and DT D)~
spectra. The expected 1) signals were parametrized by
P-wave relativistic Breit-Wigner (RBW) functions with
their parameters fixed to the PDGOS8 values [18]. An in-
terference between the resonances and the nonresonant
contributions was required in the fit. The computed ra-
tios of the branching fractions for the v resonances to
nonstrange open-charm meson pairs and the quark model
predictions are presented in Table 2. The BABAR re-
sults deviate from some of the theoretical expectations.
The BABAR [29] cross sections for Dg*HDg*)_ produc-
tion show evidence for ¢(4040) in DF D, and 1(4160) in
DT D, and are consistent with the CLEO [16] results
Where they overlap.

The efe™ — DYD~nt cross section measured by
Belle [23] is shown in Fig. 4(g) and exhibits an unam-
biguous 1(4415) signal. A study of the resonant struc-
ture shows clear signals for the D3(2460)° and Dj(2460)"
mesons and constructive interference between the neu-
tral D°D}(2460)° and the charged D~ D3(2460)" de-
cay amplitudes. Belle performed a likelihood fit to
the DD}(2460) mass distribution with a 1)(4415) signal
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FIG. 5: From CLEO [16], cross sections, without radiative
corrections, for ete” annihilation into: (a)-(c) the exclu-
sive open-charm meson-pairs shown; and (d) for two meth-
ods of open-charm counting added onto the extrapolated uds
cross section compared to an all-flavor hadron-counting cross
section. Solid lines show updated potential model predic-
tions [34]. Adapted from [16] with kind permission, copyright
(2009) The American Physical Society

parametrized by an S-wave RBW function. The signifi-
cance of the signal is ~100 and the peak mass and total
width are in good agreement with the PDGO06 [35] val-
ues and the BES fit results [15]. The branching frac-
tion for 1(4415) — DD3(2460) — DDnt was found
to be between 10% and 20%, depending on the 1)(4415)
parametrization. The fraction of DD} (2460)— DDzt fi-
nal states composed of nonresonant DD~ 7+ was found
to be < 22%. Similarly, the D°D* 7t content of
1(4415), shown in Fig. 4(h), has been determined by
Belle [24]; a marginal signal is found (3.10), and its
branching fraction was limited to < 10.6%. Belle [26]
has also reported a preliminary spectrum of ete™ —
Dg*)+Dg*)_ cross sections from /s = 3.8-5 GeV using
ISR from a data sample of 967 fb~! in 40 MeV bins; the
values are consistent with but higher-statistics and more
finely binned than those of BABAR [29].

The CLEO exclusive cross sections [16] in the top three
frames of Fig. 5 are not directly comparable to those



TABLE 2: From BABAR [28], ratios of branching fractions for
the 1)(4040), ¥ (4160) and 1)(4415) resonances. The first error
is statistical, the second systematic. Theoretical expectations
are from models denoted 3Py [31], C® [32], and pKp [33]

State Ratio Measured 3p,  C? pKp
¥(4040)  DD/DD* 0.24£0.05+0.12 0.003 0.14
D*D*/DD* 0.1840.14+0.03 1.0 0.29
¥(4160) DD/D*D* 0.02+0.03+0.02 0.46 0.08
DD*/D*D* 0.3440.14+0.05 0.011 0.16
(4415) DD/D*D* 0.1440.12+0.03 0.025

DD*/D*D* 0.1740.2540.03 0.14

from BABAR and Belle as they are not radiatively cor-
rected, but generally seem to reflect consistency. The
updated potential model predictions of Eichten [16, 34]
shown in Fig. 5 fail to describe many features of the data.
The CLEO total cross section determinations, shown in
Fig. 5(d), reveal that, within the measurement accuracy
of 5-10%, two- and three-body modes with open charm
saturate the yield of all multihadronic events above the
extrapolated uds contribution.

2.1.2.  Vectors decaying to open bottom

The current generation of B-factories have scanned the
energy range above open bottom threshold. BABAR [36]
performed a comprehensive low-luminosity (25 pb~! per
point), high-granularity (= 5 MeV steps) scan between
10.54 and 11.2 GeV, followed by an eight-point scan,
0.6 fb~! total, in the proximity of the YT(6S) peak.
Belle [37] acquired =~ 30 pb~! for just nine points over
10.80-11.02 GeV, as well as 8.1 fb~! spread over seven
additional points more focused on the Y(55) peak. The
BABAR scan is shown in Fig. 6. Both scans suggest in-
stead that the simple Breit-Wigner parametrization, pre-
viously used to model the peaks observed in the CLEO
[38] and CUSB [39] scans, is not adequate for the de-
scription of the complex dynamics in the proximity of

the B®)B™ and Bﬁ*)és(*) thresholds. Data points on
Ry, = o(bb) /o (up) are better modeled assuming a flat bb
continuum contribution which interferes constructively
with the 55 and 6S Breit-Wigner resonances, and a sec-
ond flat contribution which adds incoherently. Such fits
strongly alter the PDG results on the 55 and 65 peaks,
as shown in Table 3. Strong qualitative agreement is ob-
served between the experimental behavior of the R}, ratio
and the theory predictions based on the coupled-channel
approach [40].

Additional insight can be provided by the exclusive
decomposition of the two-body (i.e., BB, BB*, B*B*)
and many-body decay modes. Results from eTe™ colli-
sions have been given by Belle [41] using a data sample of
23.6 fb~1 acquired at the T(5S). Charged B-mesons were
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FIG. 6: From BABAR [36], measured values of the hadronic
cross section attributable to b-flavored states, normalized to
the point muon pair cross section, from a scan of the center-of-
mass energy region just below the Y(45) to above the T(6.5).
Dashed vertical lines indicate the various BB mass thresholds.
Adapted from [36] with kind permission, copyright (2009) The
American Physical Society

reconstructed in two decay channels, K*.J/v¢ and D7*
(with J/¢ — It~ and D° — Kn, Knnr). Neutral B
mesons were reconstructed in K*°.J /1 and D¥n ¥, with
D* — K*n%n¥. The B* mesons were reconstructed via
their radiative transition. Belle observes a large fraction
(about 16.4% of the total bb pairs) from 3- and 4-body
decay modes, i.e., B®B®x B®) B rr. A significant
fraction of these events can actually be expected from
ISR production of Y(4S5). Theory predictions on multi-
body decays at T(55) range from 0.03% [42] to 0.3% [43].

2.2. Newly found conventional quarkonia

Table 4 lists properties of new conventional heavy
quarkonium states. The h. is the 'P; state of charmo-
nium, singlet partner of the long-known Y. triplet 3Pj.
The 7.(2S5) is the first excited state of the pseudoscalar

TABLE 3: New BABAR and Belle results on masses and
widths of the T(55) and Y(65) resonances, compared to PDG
averages. The angle ¢ parametrizes the phase of interfering
continuum

T m(MeV) T (MeV) ¢ (rad) Ref.

55 10876 +2  43+4  21140.12 BABAR [30]
10879 + 3 4612 2.3379-2¢  Belle [37]
10865+8 110413 - PDGO8 [18]

6S 10996+2  37+3  0.12+0.07 BABAR [36]
11019 +8 79+ 16 - PDGOS [18]
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TABLE 4: New conventional states in the ¢, b¢, and bb regions, ordered by mass. Masses m and widths I' represent the
weighted averages from the listed sources. Quoted uncertainties reflect quadrature summation from individual experiments.
In the Process column, the decay mode of the new state claimed is indicated in parentheses. Ellipses (...) indicate inclusively
selected event topologies; i.e., additional particles not required by the Experiments to be present. For each Experiment a

citation is given, as well as the statistical significance in number of standard deviations (#0), or

“(np)” for “not provided”.

The Year column gives the date of first measurement cited, which is the first with significance of > 50. The Status column
indicates that the state has been observed by at most one (NC!-needs confirmation) or at least two independent experiments
with significance of >50 (OK). The state labelled x.2(2P) has previously been called Z(3930)

State m (MeV) I (MeV) JP¢ Process (mode) Experiment (#0) Year Status
he(1P) 3525454 0.15 0.7340.53 177 (2S) — 7°(yn.(15)) CLEO [44-46] (13.2) 2004 OK
(<1.44) ¥(28) — 7°(5...) CLEO [44-46] (10.0), BES [47] (18.6)
pp — (yme) = (v77) E835 [48] (3.1)
$(28) — 7°(...) BESIII [47] (9.5)
ne(25) 3637 + 4 1447 0" B = K(K2K™ 7h) Belle [49] (6.0) 2002 OK
ee” = ete  (KYK™7mT)  BABAR [50] (4.9), CLEO [51] (6.5),
Belle [52] (6)
ete™ = J/ (..) BABAR [53] (np), Belle [54] (8.1)
Xe2(2P) 39272426 24.146.1 2Tt ete” = ete (DD) Belle [55] (5.3), BABAR [56] (5.8) 2005 OK
BF 6277.14+ 4.1 - 0~ pp— (7T J/Y). CDF [57] (8.0), DD [58] (5.2) 2007 OK
n(1S) 9390.7 + 2.9 ? 0" Y(3S) = v+ (...) BABAR [59] (10), CLEO [60] (4.0) 2008 NC!
T(25) =y + (...) BABAR [61] (3.0)
Y(1°D2) 10163.8 4 1.4 ? 277 T(3S) = yy(yyY(189)) CLEO [62] (10.2) 2004 OK
Y(3S) — yy(rTr~Y(19)) BABAR [63] (5.8)

ground state 7.(15), lying just below the mass of its vec-
tor counterpart, 1(25). The first B-meson seen that con-
tains charm is the B.. The ground state of bottomonium
is the 7,(15). And the Y(1D) is the lowest-lying D-wave
triplet of the bb system. All fit into their respective spec-
troscopies roughly where expected. Their exact masses,
production mechanisms, and decay modes provide guid-
ance to their descriptions within QCD.

2.2.1.  Observation of he(1P)

Two experiments reported h.(1P) sightings in 2005,
with CLEO [44, 45] reporting an observation at > 6o
in the isospin-forbidden decay chain ete™ — ¥(25) —
7Ohe, he — ym:(1S), and E835 [48] found 30 evidence
in pp = hey he = (15), 7.(1S) — ~y. CLEO [46]
later updated its measurements with a larger dataset,
refining its mass measurement to a precision of just over
0.2 MeV, finding a central value slightly more accurate
than that of E835, which has an uncertainty of just under
0.3 MeV. CLEO utilized two detection methods. The
first was a semi-inclusive selection that required detec-
tion of both the transition 7° and radiative photon but
only inferred the presence of the 7.(15) through kine-
matics. The second employed full reconstruction in fif-
teen different 7.(15) decay modes, five of them previ-

ously unseen. The two methods had some statistical and
almost full systematic correlation for the mass measure-
ment because both rely on the 7° momentum determi-
nation. As the parent ¥ (25) has precisely known mass
and is produced nearly at rest by the incoming etTe™
pair, the mass of the h.(1P) is most accurately deter-
mined by fitting the distribution of the mass recoiling
against the 7°, as shown for the exclusive analysis in
Fig. 7. CLEO’s two methods had comparable precision
and gave consistent masses within their uncorrelated un-
certainties. Statistical uncertainties from the numbers
of signal (background) events in the exclusive (inclusive)
analysis are larger than the systematic errors attributable
to calorimeter energy resolution. The E835 measurement
relies on knowledge of the initial center-of-mass energy of
the pp for each event during a scan of the h.(1P) mass
region as well as upon reconstruction of all three pho-
tons with kinematics consistent with the production and
decay hypothesis. Unlike the CLEO result, backgrounds
are negligible. Mass measurement accuracy was limited
equally by statistics (13 signal events with a standard
deviation in center-of-mass energy of 0.07 MeV) and sys-
tematics of p beam energy stability. Using a sample of
106M t(2S), in 2010 BESIIT [47] reported a mass result
using the 7%y inclusive method, matching CLEO’s pre-
cision. The spin-averaged centroid of the triplet states,
(m(13Py)) = [m(xeo) + 3m(xer) + 5mlxe2)}/9, s ex-
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FIG. 7: From CLEO [46], the mass recoiling against the 7° in
the (25) — 7°he, he — Yc(1S) exclusive sample in which
the 7°, v, and 7.(15) are all explicitly reconstructed in the
detector. Adapted from [46] with kind permission, copyright
(2008) The American Physical Society

pected to be near the h.(1P) mass, making the hyperfine
mass splitting, Ampe[he(1P)] = (m(13P;)) —m[h.(1P)],
an important measure of the spin-spin interaction. The
hc-related quantities are summarized in Table 5; mass
measurements are consistent. It could be a coinci-
dence [46] that Ampe[hc(1P)]exp =~ 0, the same as the
lowest-order perturbative QCD expectation, because the
same theoretical assumptions lead to the prediction

m(Xcl) — m(XcO)
m(Xez) — m(Xe1)

5
:i’ (3)

whereas measured masses [18] yield a value of 2.1, 20%
smaller than predicted.

2.2.2.  Observation of n.(2S)

The search for a reproducible 7.(2S5) signal has a
long and checkered history. There were hints in early
ete™ — c¢ data for a purported 7.(25) with mass near
3455 MeV in 9(2S) — yvyJ/v events [64] and in inclu-
sive radiative 1)(25) decays [65, 66]. A possible signal [67]
near 3591 MeV was reported in 1978 in ¢(25) — yyJ /1.
Crystal Ball ruled out that result in 1982 [5] and also re-
ported an 7.(295) signal in inclusive radiative 1(25) de-
cays with a mass of 3592+5 MeV. The latter result per-
sisted, in limbo, unconfirmed and unrefuted, for twenty
years, until Belle [49] found a signal in B — K7.(25) in
the exclusive 1.(25) — KK ~n" decay mode (a favorite
all-charged final state for 7.(15)), at 3654+£6+8 MeV.
Since then measurements of 7.(25) in that mass region
have been reported by BABAR [50] (see Fig. 8), CLEO [51],
and Belle [52] in yy-fusion to K K final states and by
BABAR [53] and Belle [54] in double charmonium produc-
tion.  With this plethora of independent measurements
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TABLE 5: Width and mass measurements of the h.(1P).
(m(1°Py)) and Amus are defined in the text

Quantity Value (MeV) Ref. (x?/d.o.f.)
Width 0.73 £ 0.45 £ 0.28 BES [47]
<1.44@90% CL BES [47]
Mass 3525.8 £ 0.2+ 0.2 E835 [48]
3525.28 £ 0.19 £ 0.12 CLEO [46]
3525.40 £ 0.13 £ 0.18 BES [47]
3525.45 + 0.15 Avg® (2.2/2)
(m(1°Py)) 3525.30 & 0.07 PDGO8 [18]
Amyg —0.1540.17
2540610-s008
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FIG. 8: From BABAR [50], the KK invariant mass distri-
bution from selected eTe™ — eTe  K2KTn~ events, data
(points with error bars) overlaid with a fit (solid line) hav-
ing two components, a smooth background (dashed line) and
an 7.(25) signal. Adapted from [50] with kind permission,
copyright (2004) The American Physical Society

in three different production mechanisms and two meth-
ods of mass reconstruction (fully reconstructed exclusive
decay to K K7 and missing mass), it might have been rea-
sonable to expect clarity and cohesion to have emerged.
However, complete experimental unity eludes us because,
while the mass values are all in the same vicinity, when
averaged they have a PDG S-factor of 1.7, the factor by
which the weighted-average uncertainty is inflated. The
two most precise measurements, both from vy — 1.(25),
disagree by 2.50; the two least precise, both by Belle, dis-
agree by 2.20; the two double-charmonium results dis-
agree by 1.60; and the two BABAR results disagree by
1.40. There are no easily identifiable outliers to discard.
The lesson here may be that statistics in all the meth-

3 A note concerning tables in this section: where the label “Avg”
is attached to a number, it signifies an inverse-square-error-
weighted average of values appearing directly above, for which
all statistical and systematic errors were combined in quadrature
without accounting for any possible correlations between them.
The uncertainty on this average is inflated by the multiplicative
factor S if S2 = x2/d.o.f.>1



ods utilized are hard to come by, or that background
shapes are more complicated than assumed, or that these
measurements have been plagued by extraordinary bad
luck. In any case, further exploration is clearly merited.
CLEO [68] attempted to find exclusive 7.(25) decays in
radiative ¥(25) decays, guided by the success of such
methods for 7.(15) [69], but found no clear signals in its
sample of 25M (25).

Just prior to submission of this article, Belle [70] an-
nounced a preliminary observation of 7.(25), produced in
two-photon fusion, in three new decay modes (3(77 ™),
KTK=2(rt7r7), and K9K~ mrn~7T). These modes
will offer more concrete avenues of approach to 7.(25)
in order to better measure its properties.

2.2.83.  Observation of xc2(2P)

In 2005 Belle [55] observed an enhancement in the DD
mass spectrum from ete” — ete~DD events with a
statistical significance of 5.30. Properties are shown in
Table 6. It was initially dubbed the Z(3930), but since
has been widely? (if not universally) accepted as the
Xc2(2P). The analysis selects fully reconstructed D me-
son pairs with at most one 7% and at most six pions/kaons
per event, using the decays D° — K —nt, K—ntx0,
and K—ntntr~, and DT — K- 7nTxt. The outgoing
ete™ were presumed to exit the detector at small an-
gles. This yy-fusion signature was enforced by requiring
small transverse momentum with respect to the beam di-
rection in the ete™ center-of-mass frame and restricting
the DD longitudinal momentum to kinematically exclude
ete™ — yDD. Figure 9 shows the resulting DD mass
and angular distributions; the latter are consistent with

TABLE 6: Properties of the xc2(2P) (originally Z(3930))

Quantity Value Ref. (x?/d.o.f.)
Mass (MeV) 39294542 Belle [55]
3926.742.7+1.1 BABAR [56]

3927.242.6 Avg® (0.14/1)
Width (MeV) 291042 Belle [55]
21.3+6.8+3.6 BABAR [56]

24.146.1 Avg® (0.37/1)
I, x B(DD)  0.1840.0540.03 Belle [55]
(keV) 0.2440.05£0.04 BABAR [56]

0.2140.04 Avg® (0.46/1)

4 Lattice calculations [71] suggest that the x.2(2P) (i.e., the 23 P,
cc state) and the 13 F, state could be quite close in mass, so that
perhaps the Z(3930) is not the 23 Py but rather the 13F.
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FIG. 9: From the Belle [55] observation of x.2(2P) — DD.
(a) and (b) m(DD) distributions from selected ete™ —
ete” DD events, for the | cos§*| regions indicated, where 6*
is the polar angle of a D momentum vector in the vy center-
of-mass frame. Part (c) shows the corresponding | cos 6*| dis-
tributions for the m (D D) region indicated, from data (points
with error bars) and background (solid line histogram). Also
shown are expected distributions for the spin-2 (helicity-2)
(solid curve) and spin-zero (dashed curve) hypotheses, both
of which include background (dotted curve). Adapted from
[55] with kind permission, copyright (2006) The American
Physical Society

the spin-2, helicity-2 hypothesis but disagree with spin-0.
BABAR [56] confirmed the Belle observation in y~y-fusion
with significance of 5.8¢0 and found properties consistent
with those from Belle.

2.2.4. Observation of BX

Unique among mesons is the B} because it is the
lowest-lying (and only observed) meson composed of a
heavy quark and a heavy antiquark of different flavors.
As such, its mass, lifetime, decay, and production mecha-
nisms garner attention so as to constrain and cross-check
QCD calculations similar to those used for other heavy
quarkonia. Since its mass is well above 6 GeV, produc-
tion of pairs Bf B, at the ete™ B-factories, which take
most of their data near the Y(45), has not been possi-
ble. Although a hint from OPAL [72] at LEP and then
suggestive evidence from CDF [73] for the existence of
B} were published in 1998, it was not until a decade
later that two confirming observations in excess of 50
significance were made in Run II at the Tevatron. Both
mass measurements used the decay chain B} — J/yn™,
J/v — ptp~, and obtain for mass and statistical signif-
icance the values

m(B}) =6275.6 £2.9+ 2.5 MeV

= 6300+ 14 £ 5 MeV

(5.20) DO [58]. (4)

The CDF B mass plot is shown in Fig. 10. Their
weighted average (Table 4) is about 20 lower than the
lattice QCD prediction [74] of 63044+1273° MeV. The
only observed decay modes for B are J/ynT and
J/€*T vy The semileptonic mode has been used by both
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FIG. 10: From CDF [57], (a) J/¢7" invariant mass combi-
nations from selected pp — 7 J/19X events. The bump near
5.2 GeV is due to BT — K*.J/1 decays with a pion mass
assignment for the kaon. (b) As in (a), but zoomed in on the
6.0-6.5 GeV mass region; the solid curve indicates the projec-
tion of the BF maximum likelihood fit to the data. Adapted
from [57] with kind permission, copyright (2008) The Ameri-
can Physical Society

CDF [75, 76] and D@ [77] to measure the B lifetime.
Their results are consistent with each other and have a
weighted average [76] of 0.464+0.04 ps. (See also Sect. 4.7
for discussion of BJ).

2.2.5. Observation of np(15)

Nonobservation of the bottomonium ground state was
an annoying thorn in the side of heavy quarkonium spec-
troscopy until 2008, when BABAR [59, 61] succeeded in
observing the n,(15) where previous efforts had failed.
The hyperfine mass-splitting of singlet-triplet states,
Amye = m(1381) —m(11Sp), probes the spin-dependence
of bound-state energy levels, and, once measured, im-
poses constraints on theoretical descriptions. The 7, re-
mained elusive for a variety of reasons. Branching frac-
tions for transitions from the T (n.S) states are small and
no low-multiplicity, high-rate “golden” decay modes anal-
ogous to 1.(18) — K K7 appear to exist for 7,. This left
inclusive T(nS) — v as the first line of attack.

BABAR’s success was mainly due to large data sam-
ples obtained just prior to shutdown of the experiment.
For the express objective of n,-discovery (among others),
BABAR accumulated 122M Y(3S) and 100M Y(2S) de-
cays, compared to CLEO (9M Y(2S) and 6M Y(35))
and Belle (11M Y(3S)). Even with such large data
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samples and a high-performance cesium iodide crystal
calorimeter, BABAR’s task was far from trivial: the ex-
pected photon line was buried under a sea of 79-decay
photons even after all photon candidates that combine
with any other photon to form a 7 were vetoed. The
7, photon line was also obscured by two other physics
processes, each inducing structure in £, the photon en-
ergy in the Y(nS) rest frame. The 7, photon line lies
in the high energy tail of the three Doppler-smeared and
merged xps(nP) — Y (15) peaks and adjacent to that
of the radiative return process, ete™ — yY(1S). BABAR
introduced a method to suppress nonresonant “contin-
uum” photons and thereby enhance experimental signal-
squared-to-background ratio (S?/B), noting that such
backgrounds tend to follow initial parton (jet) directions,
whereas the 1, decay products will have direction uncor-
related with that of the transition photon. The angle
O was defined to be the angle between each transition
photon candidate and the thrust axis [78] of the rest of
the event. (The thrust axis is the direction that maxi-
mizes the sum of absolute values of momenta projected
upon it, and, on a statistical basis, follows the axis of
two-jet events.) The thrust angle associated with each
candidate radiative photon was calculated and required
to satisfy |cosér| < 0.7, the criterion found by BABAR
to maximize S?/B. The analysis extracted a signal by
fitting the E, distribution to four components: an empir-
ically determined smooth background, merged x;s peaks,
a monochromatic ISR photon line, and an 7 signal. The
resulting F., spectrum from the BABAR [59] T(3.5) analy-
sis is shown in Fig. 11, with an 7, signal of significance of
> 100. A few months after this discovery, BABAR [61] an-
nounced confirmation of their signal with a nearly iden-
tical analysis of their Y(2S5) data, albeit with smaller
signficance (3.00). To avoid bias, these analyses estab-
lished procedures while “blind” to the 7, signal region in
E,.

Initially, there was some worry that the BABAR re-
sults were in mild conflict with earlier nonobservation
upper limits from a CLEO [79] analysis, which had as
its primary focus a detailed study of the dipole transi-
tions T(nS) — yxps(mP). However, CLEO [60] later
corrected errors and omissions in that analysis and an-
nounced new results consistent with but less precise than
BABAR’s, including 40 evidence for Y(3S) — ~m, and a
larger upper limit on B(Y(2S) — ~vm). In addition to
including the initially omitted ISR peak in the fit to E,
and assuming a more reasonable width, T'(n,) = 10 MeV,
for the signal, CLEO exploited an E., resolution slightly
better than BABAR, parametrized the observed photon
lineshape more accurately than before, and added a new
twist to the BABAR-inspired thrust-angle restriction. In-
stead of simply rejecting a high-background region of
thrust angle, CLEO accumulated three E, distributions,
one for each of three |cosfr| bins, the middle one be-
ing 0.3 < |cosfr| < 0.7. Hence no statistical power
was wasted by throwing any data away, and an improved
S?/B in the combined |cosfr| < 0.3 and 0.3-0.7 bins
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FIG. 11: From BABAR [59], the inclusive photon energy spec-
trum in the e*e™ center-of-mass frame Y(35) data after sub-
traction of the smooth background. The solid curve shows
the best fit, and the peaks correspond to, from left to right,
Xb1,2 = YY(1S), ISR production of T(15), and YT (35) — yn.
Adapted from [59] with kind permission, copyright (2008) The
American Physical Society

relative to < 0.7 was exploited. A BABAR-like fit to the
measured E., distributions in all three | cos 67| bins simul-
taneously extracted the n; signal. CLEO left the photon
selection criteria from the original analysis unchanged
and quoted a final mass, rate, and significance which
were each the mean from an ensemble of fits with reason-
able confidence levels, not on any arbitrarily chosen indi-
vidual fit. The fit ensemble contained many variations,
each specifying a different background parametrization,
E., range, and/or logarithmic or linear E. scale.

Tables 4 and 7 summarize the experimental 7, results,
which together yield

Ampg[15(15)]exp = 69.6 £ 2.9 MeV . (5)

Belle is poised to search for 7, using its 11M T(35) events

and recently augmented 160M Y(2S) dataset.
Theoretical predictions for 7,(1S) hyperfine splitting

are discussed Sects. 2.5.3, 2.6.2, 2.7, 2.8.1, and 2.10.1.

2.2.6. Search for hy(1P)

A preliminary analysis from BABAR [80] describes two
searches for hp(1P) in a sample of 122M Y(3S) de-
cays. The first search employs a method similar to the
CLEO h.(1P) inclusive search (see Sect. 2.2.1) by select-
ing Y(3S) decays with both a soft 7° and a radiative
photon, looking for the decay chain Y(35) — 7%h;(1P),
hy(1P) — ymp(1S). With the radiative photon restricted
to the range allowed for the transition to 75(15), the mass
recoiling against the soft 7° is plotted and scanned for
a peak above a smooth background. BABAR sees a 2.70
effect at m(7° —recoil) = 9903 + 4+ 1 MeV. In a second
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TABLE 7: Measured n,(15) properties. The value quoted for
the weighted average of Amy includes all three measurements

Quantity Y(2S5) — ym» Y(3S) = vm  Ref. (x*/d.o.f)
E, 610575+ 1.8 9212721 +£24 BABAR [59, 61]

(MeV) - 918.646.0+1.8  CLEO [60]
m(ny) 9392.974% +1.8 9388.9731 + 2.7 BABAR [59, 61]
(MeV) - 9391.8+6.6+2.0 CLEO [60]
Amys 674758 +1.9 714723 4+2.7 BABAR [59, 61]
(MeV) - 68.54+6.6+2.0 CLEO [60]
69.6 2.9 Avg® (0.6/2)
Bx10* 42711409 48+0.54+1.2 BABAR [59, 61]
<8.4 71418+ 1.1 CLEO [60]
<5.1 <4.3 CLEO [79]

search, an upper limit of

B(T(3S8) = mtn hy(1P)) < 2.5 x 1074
for 9.88 < m(hy(1P)) < 9.92 GeV at 90% CL  (6)

is set.

2.2.7.  Observation of Y(13D>)

CLEO [62] made the first of two observations of T(1D),
using the four-photon cascade shown in Fig. 12:

T(38) = vxvs (2P),
Xbs(2P) = yY(1D),
YT(1D) = yxps (1P),
xbs (1P) = yY(15),
YAS) = ete-, (7

where ¢+ = e* or pu*. The largest background source of
four soft photons and an Y(19) is T(3S) — 72797 (15),
which was suppressed by vetoing events with two photon-
pairings that are both consistent with 7 masses. The
next-most pernicious background is the quite similar
four-photon cascade through Y(2S5) instead of Y(1D)
(also shown in Fig. 12); the softer two photons over-
lap the signal photons within the experimental resolu-
tion. This latter background was suppressed by kine-
matically constraining each event to a Y (1D) hypothesis
with unknown Y(1D) mass and including all J possi-
bilities for the intermediate xp;(nP) states, and then
requiring a good fit quality, x?(1D). Masses from the
surviving candidates are shown in Fig. 13, with the mass
recoiling against the softest two photons in (a) and the
value obtained from the minimum y?(1D) combination
in (b). Both give consistent masses for an Y(12Ds), and
the latter has an inconclusive 1.9¢ hint of a second peak
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FIG. 12: Expected bb bound-state mass levels. The four-
photon transition sequence from the Y(35) to the T(15) via
the T(1D) states is shown (solid lines). An alternative route
for the four-photon cascade via the T(2S) state is also dis-
played (dashed lines). The hadronic dipion transition from
T(1D) to Y(1S) is indicated by the dot-dash curve. Adapted
from [62] with kind permission, copyright (2004) The Ameri-
can Physical Society

13 MeV above the primary one, which could be an indi-
cation of the corresponding Y (12 Ds) state. The observed
34.51+6.4 signal events in the central peak correspond to
a statistical significance of 100, most of which are at-
tributed to cascades involving the yp1 (nP) for both n=1
and 2 and to production of an Y(13Dy). The product
branching fraction for the entire cascade was found to be
(2.540.7) x 10~°. Upper limits on other possible decays
relative to the four-photon cascade were also set to be
< 0.25 for Y(1D) — nY(1S) and < 1.2 for 77~ Y(1D),
both at 90% CL.

Belle has an T(3S5) dataset slightly larger than CLEO
and therefore could mount a comparable Y(1D) search.
BABAR has twenty times more Y(35) than CLEO, and
therefore has the capability to search for other decay
chains and to explore hyperfine mass structure of the al-
lowed Y(1D) spin states. While neither Belle nor BABAR
has yet explored the four-photon cascade, BABAR has ob-
served [63] T (12 Dy) produced from a two-photon cascade
from Y(3S) decay as does CLEO, but then undergoing a
charged dipion transition to the Y(1S), which then de-
cays to £T¢~. The 77~ ¢T ¢~ invariant mass distribution
from such events, restricted to those with dilepton masses
near that of the T(15), is shown in Fig. 14. In addition
to confirming the YT(13D3) signal at 5.80, the Y(13D;)
and Y(13Dj3) states are seen at 1.80 and 1.60, respec-
tively. The YT (13D3) mass is somewhat larger than but
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FIG. 13: From CLEO [62], distributions of (a) mass re-
coiling against the softest two photons, and (b) mass that
produces the smallest x*(1D) (see text) per event, from
Y(35) — ~yyyy£T 4~ events, selected to be consistent with
a four-photon cascade through x5 (2P), T(1D), and xps(1P)
to Y(1S). The solid line histogram represents data, and the
curves represent the CLEO fits. Adapted from [62] with kind
permission, copyright (2004) The American Physical Society
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tal fit (solid) which includes four backgrounds it (others).
Adapted from [63] with kind permission, copyright (2010) The
American Physical Society

consistent with the CLEO value, as shown in Table 8.
The BABAR analysis also concludes first, that the dip-
ion invariant mass distribution is in substantially better
agreement with that predicted for a T (13D ) than an S



TABLE 8: Measured mass values of the T(13D2)

Decay Value (MeV) Ref. (x*/d.o.f.)
T(35) = vyyyY(1S) 10161.140.6+1.6 CLEO [62]
T(35) — yyn 7~ Y(1S) 10164.540.840.5 BABAR [63]

Both of above 10163.8+1.4  Avg® (3.1/1)

or P state, and second, that angular distributions of the
Y(13D,) signal events are consistent with the quantum
number assignments of J =2 and P = —1.

2.3. New unanticipated states

2.8.1. X (3872), the enduring exotic

The X (3872) occupies a unique niche in the menagerie
of unanticipated states listed in Table 9 as both the first
and the most intriguing. At this point it is widely stud-
ied, yet its interpretation demands much more experi-
mental attention. Its apparent quantum numbers, mass,
and decay patterns make it an unlikely conventional char-
monium candidate, and no consensus explanation has
been found.

In 2003, while studying BT — K*nt7~.J/1, Belle [85]
discovered an unexpected enhancement in the 77~ .J /¢
invariant mass spectrum near 3872 MeV. This sighting
of the X in B-decays was later confirmed by BABAR [87].
The X — w77~ J/1 decay was also observed inclusively
in prompt production from pp collisions at the Tevatron
by both CDF [88-90] and D@ [91]. CDF [89] studied the
angular distributions and correlations of the 77~ .J /1) fi-
nal state, finding that the dipion was favored to originate
as a p°, and that only JFC assignments of 1t+ and 2+
explained their measurements adequately. Belle [92] re-
ported evidence for the y.J /1 decay, which BABAR [97, 98]
confirmed at 40 significance. The radiative decay verifies
the positive C-parity assignment of CDF. It also bolsters
the 117+ assignment because a 2~ state would have to
undergo a high-order multipole transition which would be
more strongly suppressed than the observed rates allow.

From the beginning, the proximity of the X mass to
D*0DO threshold was conspicuous, and eventually decays
to D*Y DY were observed by BABAR [96] and Belle [95]. In-
terest in the relationship of X to D*0DO fueled improve-
ments in measurements of its mass, as shown in Table 10,
and of the D° mass, as shown in Table 11. The X mass
measurements based upon the 777~ J/1 decay are con-
sistent with one another. The world-average X mass,
restricted to measurements using 77~ .J/1 decays, is
dominated by the CDF [90] inclusive result, illustrated
in Fig. 15. The CDF systematic uncertainty on the mass
was obtained from studies of ¢(2S) — 777~ J/v decays,
which have a similar topology and a well-known (25)
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FIG. 15: From CDF [90], the 77~ J /4 invariant mass distri-
bution for X (3872) candidates, showing the data (points), the
projection of the unbinned maximum-likelihood fit (solid line)
and its smooth background component (dashed line), and the
inset which enlarges the peak region with finer binning. The
lower panel shows residuals of the data with respect to the
fit. Adapted from [90] with kind permission, copyright (2009)
The American Physical Society

mass to match. The measured mass discrepancy was ex-
trapolated from the ¢ (25) mass to the X mass to obtain
error estimates. The world-average D° mass precision
is dominated by a CLEO [119] measurement that uses
the decay chain D°—»¢K3, ¢ - KTK~, K} — nrm—,
and is limited by statistics. Despite all these advances,
the D*9 D0 mass threshold test remains ambiguous, with
m[X (3872)] — [m(D*°) + m(D°)] = —0.42 £ 0.39 MeV.
This limits the hypothetical D*° D0 binding energy to be
<0.92 MeV at 90% CL and does not foreclose the possi-
bility that the X (3872) is above D**DO threshold. Fur-
ther clarity here would require much more precise mass
measurements for both the X and the D°.

Both Belle and BABAR have reported X (3872) sig-
nals in the D*D0 final state with branching fractions
about ten times higher than for 777~ J/1. Both used
D*0 — DO% and D%y decays, both selected and kine-
matically constrained a D*? candidate in each event, and
both performed unbinned maximum likelihood fits to the
D*°DO mass. (Belle’s fit is two-dimensional, the second
dimension being a B-meson-consistency kinematic vari-
able; BABAR cuts on B-meson consistency.) Both results
appear in Table 10. (An earlier Belle publication [94]
used a dataset smaller by one-third than in [95], made
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TABLE 9: As in Table 4, but for new unconventional states in the c¢ and bb regions, ordered by mass. For X (3872), the values

given are based only upon decays to 77~ .J/4.

X (3945) and Y (3940) have been subsumed under X (3915) due to compatible

properties. The state known as Z(3930) appears as the xc2(2P) in Table 4. See also the reviews in [81-84]

State m (MeV) T (MeV) JFC Process (mode) Experiment (#0) Year Status
X(3872)  3871.5240.20 1.3+£0.6 1tT/2F B = K(ztn~J/4) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK
(<2.2) pp — (T r= J/) + CDF [88-90] (np), D@ [91] (5.2)
B — K(wJ/y) Belle [92] (4.3), BABAR [93] (4.0)
B — K(D*°D0) Belle [94, 95] (6.4), BABAR [96] (4.9)
B — K(vJ /%) Belle [92] (4.0), BABAR [97, 98] (3.6)
B — K(v(29)) BABAR [98] (3.5), Belle [99] (0.4)
X(3915)  3915.6+£3.1 28+10 0/2"F B — K(wJ/v) Belle [100] (8.1), BABAR [101] (19) 2004 OK
ete™ = efe (wJ/2) Belle [102] (7.7)
X (3940) 394219 37+27 7t ete = J/(DD*) Belle [103] (6.0) 2007 NC!
ete™ = J/v (...) Belle [54] (5.0)
G(3900) 3943 £21 52411 177  efe” = y(DD) BABAR [27] (np), Belle [21] (np) 2007 OK
Y (4008) 40081128 226497 177 efem = y(ntaJ/Y) Belle [104] (7.4) 2007 NC!
Z1(4050)T 4051723 82731 ? B — K (1" xe1(1P)) Belle [105] (5.0) 2008 NC!
Y(4140)  41434+3.0 1511 7"t B K(oJ/Y) CDF [106, 107] (5.0 2009 NC!
X (4160) 4156132 13942 77T etem — J/y(DDY) Belle [103] (5.5) 2007 NC!
Z2(4250)" 4248782 17772 ? B — K(rtxa(1P)) Belle [105] (5.0) 2008 NC!
Y (4260 4263 +5  108+14 177 ete” =wy(ntaJ BABAR [108, 109] (8.0 2005 OK
v () ;
CLEO [110] (5.4)
Belle [104] (15)
ete™ — (ntr=J/) CLEO [111] (11)
ete™ = (n%7%J/4) CLEO [111] (5.1)
Y (4274) 42744757 32122 7T B = K(¢J/v) CDF [107] (3.1) 2010 NC!
X(4350)  4350.673¢ 133150 02T etem —eTe (¢J/3) Belle [112] (3.2) 2009 NC!
Y (4360 4353 £11 96442 177 ete” = y(rt7n7¢(29)) BABAR [113] (np), Belle [114] (8.0) 2007 OK
(4360) 7( ¥(29)) (113] (np), [114] (8.0)
Z(4430)* 4443135 107713 ? B — K(nt(25)) Belle [115, 116] (6.4) 2007 NC!
X (4630) 463479 9213} 177 efe” = y(AFAD) Belle [25] (8.2) 2007 NC!
Y (4660) 466412  48+15 177 ete” = y(nTn 9(29)) Belle [114] (5.8) 2007 NC!
Y,(10888) 10888.443.0 30.7752 177  efem = (xta T(nS)) Belle [37, 117] (3.2) 2010 NC!

no D*%-mass constraint, and measured a mass value of
3875.2 £ 0.7793 £ 0.8 MeV.) Belle [95] fit to a conven-
tional Breit-Wigner signal shape convolved with a Gaus-
sian resolution function. BABAR [96] fit the data to an
ensemble of MC samples, each generated with different
plausible X masses and widths and assuming a purely
S-wave decay of a spin-1 resonance. The BABAR X mass
from D*9DO decays is more than 3 MeV larger than the
world average from 77~ .J/¢, which engendered specu-
lation that the D*°D0 enhancement might be a different
state than that observed in #"m~J/¢, but the smaller
value observed by Belle in D*°D0 seems to make that
possibility unlikely. The two X mass measurements us-

ing D*Y DO decays are inconsistent by 2.2¢, and are 1.8¢
and 4.7¢ higher than the 77~ .J/v¢-based mass. How-
ever, important subtleties pointed out by Braaten and
co-authors [121, 122] appear to explain at least qualita-
tively why masses extracted in this manner are larger
than in 77~ J /1.

Measuring the X mass with the D*? D0 decay is consid-
erably more challenging than with 77~ J/1) for several
reasons [121, 122]. If conceived as a bound or virtual
D*0DO state [123], the X lineshape in this decay mode
is determined by the binding energy, the D*° natural
width, and the natural width of the X itself, which is
at least as large as the D*C width [121]. Because the



TABLE 10: X (3872) mass and width measurements by decay
mode and experiment. The x?/d.o.f. values given in paren-
theses refer to weighted averages of the masses only. The
lines marked (B*) and (B°) represent mass values quoted by
BABAR in charged and neutral B-decays, respectively

Mode Mass Width Ref.

(MeV) (MeV) (x*/d.o.f.)

atr~J/y 3871.46+0.37+0.07  1.440.7 Belle [86]
(B*) 3871.440.640.1 1.14£1.540.2 BABAR [87]
(B%) 3868.7+£1.54-0.4 - BABAR [87]

3871.84:3.14:3.0 - D@ [88]

3871.61+0.1640.19 - CDF [90]
3871.5240.20 1.3£0.6  Avg® (2.1/4)

D*Do  3875.170740.5
3872.970:0703
3874.041.2

3.071940.9 BABAR [96]
3.972810%  Belle [95)
35715 Avg® (4.7/1)

TABLE 11: Mass measurements relevant to the X (3872). We
define dmo = m(D*°) — m(D) and Amyn, = m[X(3872)] —
[m(D"") +m(D")]

Quantity Mass (MeV) Ref. (x?/d.o.f.)
m(D°) 1864.640.341.0 ACCMOR  [118]
1864.84740.150+0.095 CLEO [119)
1865.34:0.334-0.23 KEDR [120]
1864.914-0.16 Avg® (1.2/2)
Smo 142.1240.07 PDGOS [18]

2m(D°) + dmo 3871.9440.33 -

m[X (3872)] 3871.5240.20  Table 10 (777~ J /1))
A, —0.42+0.39 -
€ [—0.92,0.08] @90% CL

binding energy of the X is less than 1 MeV, whether or
not its mass peak is below D*°DO threshold, substantial
fractions of the lineshape will lie both above and below
that threshold. The portion of the X lineshape below
D*0DO threshold, by definition, cannot decay to D*9DP.
However, D°DO7% and D°D0~ final states are possible
from decays of a bound, effectively off-shell, D*?, as there
is adequate phase space available above DYDO7% thresh-
old. Due to imperfect experimental resolution, these final
states are indistinguishable from D*° D0 even though the
D*Y decay products have masses below that of D*0. Fur-
thermore, the analysis procedure which mass-constrains
a D*0 candidate in each event distorts the purported
X mass distribution for below-threshold decays. Con-
versely, that portion of the X lineshape above D*D?
threshold can, of course, decay to D*° D9, but the D*° D0
mass distribution should, by definition, be exactly zero
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below threshold. Therefore the kinematic constraint on
the reconstructed D7 to the D**-mass, as carried out
by Belle and BABAR, results in a broad D*? D9 mass peak
above threshold that should not be misconstrued as the
true X lineshape: neither the mass nor width results from
D*0DO reflect the true mass or width of the X. Rather,
the lineshapes for 7t7~J/¢, D**DO and D°DO7° (and
DPD0%) final states are related but slightly different from
one another, as shown in Fig. 16. More data and more
sophisticated analyses are required to fully exploit what
DYDO70 and DYDOy decays can reveal about the nature
of the X.

Branching-fraction-related measurements for X (3872)
appear in Table 12. Note that X — D*°D0 decays are an
order of magnitude more prevalent than X — w7~ J /1,
and that experimental information concerning the radia-
tive decay X — ~1(2S) has recently become murky;
Belle’s preliminary upper limit [99] is inconsistent with
the BABAR [98] measurement. Belle [92] found 4.30 ev-
idence for X — nt7n~7%J/+ in B-decays, with the 37
invariant mass clustered near the kinematic endpoint,
which is almost one full I',, below the w mass peak.
This suggests the decay X — wJ/v, w — 7F7~7° on
the w low-side tail. Despite this apparent phase-space
suppression, the rate for X — wJ/¢ was found to be
comparable to that of 7t7~J/¢. In 2010 BABAR [93]
reported corroborating evidence (4.00) of an X (3872)
peak in B%t — (J/¢Yrnta— 7)K% decays using their
full data sample, also finding a decay rate comparable to
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FIG. 16: From Braaten and Stapleton [122], the X (3872)
lineshapes extracted from a fit to the Belle [95] D*° DO events,
unfolding the effects of experimental resolution, for nta=J/y
(solid curve), D°DO7° (dashed), and, when always constrain-
ing one D°7° pairing per event to a D*° mass, D*°DO (dot-
dashed). The horizontal axis is the invariant mass of the de-
cay products relative to D*° DO threshold, and the solid and
dashed curves are normalized so as to have the same peak
height. Adapted from [122] with kind permission, copyright
(2010) The American Physical Society



TABLE 12: For X(3872), measured branching fractions and
products thereof, in units of 107°:
Bp+ = BBt —» KtX),
By =B(BT = KTX) x B(X = ~vJ/v),

By

B(Bt — KTX) x B(X — y(29)),

Bo=B(B° —» KX) x B(X — f),

By =B(BT - KX) x B(X — f), and
Bot+ = (Bo + B+)/2 for final state f.
Branching fraction ratios are defined as:
Roy =B(B° — K°X)/B(BT — K*X),
TDDr = Bo+(D0D07TO)/Bo+(7T+7T7J/w),
re = B(X = wJ/¥)/B(X — mTn~J/),
ro1 = B(X = yJ/)/B(X — ntn~J/v), and
ry2 = B(X — y9(29))/B(X — T n~J /)

What Mode Value Ref. (x*/d.o.f.)
Bg+ <320 BABAR [124]
B ~J /Y 1.84:0.640.1 Belle [92]
2.84:0.84:0.1 BABAR [98]
2.240.5 Avg® (1.0/1)
B2 y(289) <3.4 Belle [99]
0.842.0" Belle [99]
9.542.740.6 BABAR [98]
3.8+4.1 Avg® (6.4/1)
B2 /By y9(2S) /v ]/ 4.3+1.6 Values above
Bo D*°po 167436447 BABAR [96]
By 2224105442 BABAR [96]
Bo 97446413 Belle [95]
By 77416410 Belle [95]
Boy 90419 Avg® (3.6/3)
Boy/Bg+ D*Opo >28% Above
Bo atr=J/¢  3.50+£1.9040.40 BABAR [87]
By 8.40£1.5040.70  BABAR [87]
Bo 6.65+1.63+0.55  Belle [86]
By 8.104£0.9240.66  Belle [86]
Boy 7.1840.97 Avg® (4.9/3)
Boy/Bg+ wtan=J/i >2.2% Above
Roy atr~J/¢  0.8240.2240.05  Belle [36]
wtr~J/¢  0.4140.24£0.05 BABAR [87]
D*°DO 1.2640.65+£0.06  Belle [95]
D*°po 1.334£0.69+0.43  BABAR [96]
Both 0.7040.16 Avg® (3.0/3)
TD*D D*O Do 12.543.1 Ratio of avgs
Bo wJ /1 3.541.940.7 Belle [92]
By 8.54+1.541.7 Belle [92]
Bo 64341 Belle [93]
By 64241 Belle [93]
Bo+ 5.841.2 Avg® (2.7/3)
Tw wJ /Y 1.04+0.4+0.3 Belle [92]
0.840.3 BABAR [93]
0.85+0.26 Avg® (0.1/1)
T41 ~J /4 0.314:0.08 Values above
T2 Y1 (2S) 0.5340.57 Values above
Bo at 0T/ —5.74+4.9 BABAR [125]
By 2.043.8 BABAR [125]
Bo+ —0.943.7 Avg® (1.5/1)

¢ Belle only quotes an upper limit for this preliminary result.
From the information presented in [99], we have extracted an ap-

proximate central value and error for this table
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that of 77~ J/1, as shown in Table 12. Their analy-
sis was able to identify the three-pion decay as coming
from an w-meson decay by weighting the entries based
on the pion opening angles in the w rest-frame: phase-
space weighting results in no net signal. In a compari-
son of the observed m(37) mass distribution to that of
MC simulations, BABAR also found that the inclusion of
one unit of orbital angular momentum in the J/¢w sys-
tem, with its consequent negative parity, substantially
improves the description of the data. Hence the X (3872)
quantum number assignment [89] of JF¢ = 2% is pre-
ferred somewhat over the 171 hypothesis in the BABAR
analysis, leading BABAR to conclude that the X (3872) can
be interpreted as an 7.2(1D) charmonium state [81, 126].
However, the 171 assignment cannot be ruled out as un-
likely by this analysis, just less likely than 2= . In ad-
dition, it has been shown [127] that a 2~ assignment is
not consistent with other properties of the X (3872).

BABAR [125] searched for a charged partner state in
the decay X+ — ptJ/+, finding the results in Ta-
ble 12. The average from charged and neutral B-decays
should be compared with the isospin-symmetry predic-
tion, which is double the rate for p.J/1. These rates
disagree by more than 40, making it most likely that
the X is an isosinglet. The BABAR [124] upper limit
on B+ = B(BT — KTX) permits an inferred lower
limit on B(X — #wtwx~J/t¢), which, when combined
with the relative rates of D*YD0 and 77~ J/4, yields
22% < B(X — ntn~J/¢) < 10.5% and 28% < B(X —
D*0D%) < 94.2%. Belle [86] has studied the question
of whether or not the X, like conventional charmonia,
tends to be produced more strongly in B® — K*°X rel-
ative to nonresonant (NR) B — (K+7n~)ygX. Using
X — 7t~ J/1 decays, they limit the K*0/(K*n~)xgr
ratio to be < 0.5 at 90% CL, contrasted with ratios closer
to 3 for other charmonium states.

The possibility that the X enhancement in 7 7~ J/v
is composed of two different narrow states, X, and Xg,
was addressed by CDF [90]. By analyzing the observed
lineshape, X, and Xy were found to have masses closer
than 3.2 (4.3) MeV for a relative production fraction of
unity (20%). Any mass difference between the X ap-
pearing in charged and neutral B-decays has also been
limited to <2.2 MeV, as detailed in Table 13.

Taking the totality of experimental information on
the X(3872) at face value, the X is a narrow reso-
nant structure with the most probable quantum numbers
JPC =17+ and I = 0, and has mass within 1 MeV of
D*9D0 threshold. It may have comparable decay rates to
y1)(28S) and (often-slightly-below-threshold) D*0 DO, but
has an order of magnitude smaller rate to both w.J/4
and p°J/1. Decays to 7.J/¢ occur at roughly a quar-
ter of the y1(2S) rate. If there are two components of
the observed enhancements, they must be closer in mass
than a few MeV. It is produced and observed in Tevatron
pp collisions with a rate similar to conventional charmo-
nia, and at the B-factories in B — KX decays. Unlike
conventional charmonia, B — K*X is suppressed with



respect to B — KnX.

The summarized properties of X (3872) do not comfort-
ably fit those of any plausible charmonium state. Promi-
nent decays to D*DO0 and proximity to D*°DO mass
threshold naturally lead to models [123] which posit the
X to be either a weakly bound molecule of a D*° and a
DO glightly below threshold or a virtual one slightly un-
bound. Accommodating the large radiative decay rates
and substantial 777~ J/1¢ rate in such models creates
challenges because the D*C and D° would be spatially
separated by large distances, suppressing the probability
of overlap for annihilation. This has led to the hypothe-
sis of mixing with a charmonium state having the same
quantum numbers. Models of a tightly bound diquark-
diantiquark system cuct feature two neutral (cdéd, cdcs)
and one charged (cuéd) partner state, which are lim-
ited by the corresponding mass difference and null search
measurements. Better understanding of the X (3872) de-
mands more experimental constraints and theoretical in-
sight.

2.8.2.  Unconventional vector states

Y (4260), Y (4360), Y (4660), and Y (4008)

The first observation of an unexpected vector
charmonium-like state was made by BABAR [108] in ISR
production of Y (4260) — 77~ .J /1, which was later up-
dated [109] with twice the data, as shown in Fig. 17.
CLEO [110] and Belle [104] confirmed the BABAR re-
sult, but Belle also found a smaller, broader structure at
4008 MeV, as seen in Fig. 18. Aside from the lower mass
state, for which the updated BABAR [109] analysis placed
an upper limit, the three sets of measurements were quite
consistent in mass and width, as shown in Table 14, but
only roughly so in strength. BABAR [113] found one more
apparent enhancement, Y (4360), in 77~ (2S), which
Belle [114] measured with somewhat larger mass and
smaller width, as seen in Table 15. Belle also found a sec-
ond structure near 4660 MeV, as seen in Fig. 19. (A com-
bined fit [128] to Belle and BABAR 77~ ¢(2S5) data found

TABLE 13: For X(3872), Amo+ (in MeV), the difference
between the X (3872) mass obtained from neutral and charged
B decays; and Amry (in MeV), the difference in mass of two
X states produced with equal strength in pp collisions

Quantity ~ Mode Value Ref. (x?/d.o.f.)
Amoy wta~J/y  2.7£1.6+0.4 BABAR [87)
0.184£0.894£0.26  Belle [86]
0.7941.08 Avg® (1.8/1)
< 2.2 at 90% CL Above
Ampy  wtr J/ <32at90% CL  CDF [90]
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candidates produced in initial-state radiation, ete™ —

yrsrm T J/9, with J/i-sidebands already subtracted, un-
like Fig. 17. Points with error bars represent data, the solid
curve shows the best fits to the data to two resonances in-
cluding interference with a floating phase, and the dashed and
dashed-dot curves show the two pairs of individual resonance
contributions for the two equally probable best-fit phases.
Adapted from [104] with kind permission, copyright (2007)
The American Physical Society

them to be consistent with one other.) Because dipion
transitions between vector quarkonia are commonplace
for charmonium and bottomonium, it was natural, then,
that the first inclination was to ascribe the Y’s to excited
vector charmonia. A number of additional features of
these states contradicted this hypothesis, however. Only



TABLE 14: Measured properties of the decay Y (4260) —
7w~ J/1, including its mass m, width I', and branching frac-
tion B. The Belle [104] single-resonance fit result is quoted to
allow for comparison to the other two

Quantity Value Ref. (x?/d.o.f.)

m 42594812 BABAR [109]
(MeV) 4263+6 Belle [104]
428411744 CLEO [110]

426345 Avg® (1.8/2)

r 8842319 BABAR [109]
(MeV) 126418 Belle [104]
7313245 CLEO [110]

108415 Avg® (2.4/2)

B xTee 5.541.0752 BABAR [109)]
(eV) 9.7+1.1 Belle [104]
89739 +1.8 CLEO [110)

8.0+1.4 Avg® (6.1/2)

TABLE 15: Measured properties of the two enhancements
found in the 77+ (29) mass distribution: Y (4360) and
Y (4660). Liu et al. [128] performed a binned maximum like-
lihood fit to the combined Belle and BABAR cross section dis-
tributions (Fig. 19)

Quantity Value Ref. (x?/d.o.f.)
m 4324424 BABAR [113]
(MeV) 43614949 Belle [114]
4353415 Avg® (1.8/1)
43551 2 +9 Liu [128]
r 172433 BABAR [113]
(MeV) 74415410 Belle [114]
964-42 Avg® (6.8/1)
103717 +11 Liu [128]
m 466441145 Belle [114]
(MeV) 46611546 Liu [128]
r 48+15+3 Belle [114]
(MeV) 4271746 Liu [128]

one, Y (4660), is remotely near a predicted 17~ cc state
(33Dy). The Y (4260) and Y (4360) did not show up in in-
clusive hadronic cross section (R) measurements as seen
in Fig. 3, as would be expected of such states. (There is
no fine-grained R-scan data near Y (4660).)

A comparison of the measured 77 ~.J/1 and total
hadronic cross sections in the /s ~ 4260 MeV region
yields a lower bound for I'(Y — 77~ J/¢) > 508 keV
at 90% CL, an order of magnitude higher than expected
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FIG. 19: From [128], the 77~ 4(2S) cross section as a func-
tion of 4/s, showing the result of a binned maximum-likelihood
fit of combined Belle and BABAR data, The solid circles and
stars show the Belle and BABAR data, respectively. The solid
curve shows the best fits to the data to two resonances includ-
ing interference with a floating phase, and the dashed curves
show the two pairs of individual resonance contributions for
the two equally probable best-fit phases. Adapted from [128]
with kind permission, copyright (2008) The American Physi-
cal Society

TABLE 16: Upper limits at 90% CL on the ratios o(ete™ —
Y = T)/o(ete™ = Y = 7tn7J/¢) at Ecm. = 4.26 GeV
(CLEO [16]) and B(Y — T)/B(Y — =tx~J/y) (for
Y (4260)), and B(Y — T)/B(Y — 777~ +(2S)) (for Y (4360)
and Y (4660)), from BABAR [27-29] and Belle [22], where T is
an open charm final state

T Y (4260) Y(4360) Y (4660)
DD 0 [16], 7.6 [27]
DD~ 45 [16], 34 [28]
D*D* 1 [16], 40 [28]
DD*n 15 [16], 9 [22] 8 [22] 10 [22]
D*D*r 8.2 [16]
DYD; 1.3 [16], 0.7 [29]
DID:~ 0.8 [16], 44 [29]
DD~ 9.5 [16]

for conventional vector charmonium states [129]. Char-
monium would also feature dominant open charm de-
cays, exceeding those of dipion transitions by a factor ex-
pected to be 2100, since this is the case for 1(3770) and
1(4160). As summarized in Table 16, no such evidence
has been found, significantly narrowing any window for
either charmonia or, in some cases, quark-gluon hybrid



interpretations. CLEO [111] studied direct production
of Y(4260) in eTe™ collisions; verified the production
cross section; and identified the only non-rT7~J/v¢ de-
cay mode seen so far, 7°7%.J /9, occuring at roughly half
of the 77~ J /% rate.

Any explanation for these vector states will have to de-
scribe their masses, widths, and manifest reluctance to
materialize in open charm or unflavored light meson final
states. The dipion invariant mass spectra exhibit curious
structures, as seen for Y (4260) in Fig. 20 [109], Y (4360)
in Fig. 21(a) [114], and Y (4660) in Fig. 21(b) [114]. The
first shows a distinctly non-phase-space double-hump
structure which is qualitatively confirmed by Belle [104],
the second exhibits a plurality of events at higher masses,
and the third indicates a quite dominant f,(980) compo-
nent.

X (4630)
The ete™ — ATA. cross section was measured by
Belle [25] using ISR and partial reconstruction (Fig. 4(i)).

A clear peak is evident near the threshold, and corre-
sponds to

B(X(4630) — ete™) x B(X(4630) — AFTA.) =
(0.68 +0.33) x 107°. (8)

The nature of this enhancement remains unclear. Al-
though both mass and width of the X (4630) (see Table 9)
are consistent within errors with those of the Y (4660),
this could be coincidence and does not exclude other in-
terpretations.

Y, (10888)

A recent Belle scan above the T(4S) was motivated
by an earlier observation [117] of anomalously large
7ta=Y(nS) (n = 1,2,3) cross sections near the Y(55)
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FIG. 21: From Belle [114], the dipion invariant mass dis-
tribution of ISR-produced (a) Y (4360) — wnt7~¢(25) and
(b) Y (4660) — w7 1(2S), where points represent data
and the line histograms show phase-space MC simulations.
Adapted from [114] with kind permission, copyright (2007)
The American Physical Society

peak energy. These new data allowed independent de-
terminations of the Y(55) lineshape and that of the
7ta~Y(nS) enhancement [37]. A simultaneous fit to
all three measured 77~ Y (nS) cross sections to a single
Breit-Wigner function represents the data well; this line-
shape has somewhat® higher mass and narrower width
(see Table 9) than does the Y(5S5) resonance measured
with loosely selected hadronic events in the same exper-
iment. This suggests that the enhancement 77~ Y (nS)
could be a 17~ Y}, state distinct from Y(5S5) and per-
haps of a similar origin as Y (4260). The relevant cross
sections and lineshapes are shown in Fig. 22. See also
the discussion in Sect. 3.3.11.

2.8.3.  Other positive C-parity states

Of the multitude of new charmoniume-like states, a puz-
zling cluster of them from different production mech-
anisms and/or decay chains gather near a mass of
3940 MeV (Z(3930), Y (3940), X (3940), X (3915)) and
have positive C-parity. Four others (Y (4140), X (4160),
Y (4274), and X (4350)) also have C' = 4 and have related
signatures. Definitive determination of whether some of
these are distinct from others and whether any can be
attributed to expected charmonia requires independent
confirmations, more precise mass and branching fraction
measurements, and unambiguous quantum number as-

100 prr T e
gof  BABAR E

> = preliminary E

) = =

(O) = E

— 60f E

S E #;

=~ = E

[72] - ]

€ 40p + [

(] = E

> — —]

L = + ]
20?+ — .

- + E signments.

0E \\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\E
02 03 04 05 06 07 08 09 10 11

m (n* ) (GeV)

FIG. 20: From BABAR [109], the dipion invariant mass distri-
bution of ISR-produced Y (4260) — 77~ J/v decays, where
points represent data and the line histogram is phase-space
MC simulation

5 When Belle [117] adds the cross sections from 77~ Y (nS) events
at each energy scan point to the loosely selected hadronic events
for a fit to a single resonance, the quality of the fit degrades by
2.00 (where systematic uncertainties are included) relative to the
hadronic events alone. That is, the 7t 7~ Y(nS) and hadronic
events are consistent with a single enhancement within two stan-
dard deviations.
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B" — KTwJ/ decays. The upper curve is the total fit func-
tion, the lower one is the contribution of the phase-space-like
threshold function. Adapted from [100] with kind permission,
copyright (2005) The American Physical Society

7(3930), Y (3940), and X (3915)

Some of this fog is clearing as more measurements ap-
pear. As described previously, the state decaying to DD,
previously known as Z(3930), has been identified as the
Xc2(2P). The Y (3940) — wJ/¢ enhancement initially
found by Belle [100] in BT — K1Y (3940) decays is
shown in Fig. 23. It was confirmed by BABAR [101] with
more statistics, albeit with somewhat smaller mass, as
shown in Fig. 24. But Belle [102] also found a statis-
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BT — KTwJ/y (upper) and B® — K°wJ/+ (lower) decays.
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FIG. 25: From Belle [102], the w.J/v invariant mass distribu-
tion for the vy — wJ/y data (points) and background from
scaled non-wJ /1 sidebands (shaded). The bold solid, thinner
solid, and dashed curves are the total, resonance, and back-
ground contributions, respectively. The dot-dashed curve is
the best fit with no resonance included. Adapted from [102]
with kind permission, copyright (2009) The American Physi-
cal Society

tically compelling (7.70) resonant structure X(3915) in
~v fusion decaying to wJ/v¥, as seen in Fig. 25. As the
higher-mass Belle B — K Y (3940) (— wJ/v) sighting
shares the same production and decay signature as that
of BABAR’s Y'(3940), which has mass and width consis-
tent with the X (3915), the simplest interpretation is that
the Y (3940) and X (3915) are the same state, and that
the latter name should prevail as the mass is closer to



TABLE 17: Measured properties of the X (3915) — wJ/v
(subsuming what has previously been called Y (3940)). Here
B xBx =B(BT = KTX)xB(X — wJ/v¢) and Ty, x Bx =
D(X = 9y) X B(X = wJ/y)

Quantity Value Decay Ref. (x*/d.o.f.)
m 3942411413 BT — KtX  Belle [100]
(MeV)  3914.673%42.0 BT — KTX  BABAR [101]
3915+£3+2 vy = X Belle [102]
3915.6+3.1 Both Avg® (2.7/2)
r 87422426 Bt — KTX  Belle [100]
(MeV) 3411245 BT — KX  BABAR [101]
17£10£3 vy — X Belle [102]
28410 Both Avg® (4.6/2)
Bg x Bx 7.14£1.343.1 BT = KTX  Belle [100]
(107°)  4.9%09405 BT — KTX  BABAR [101]
5.1+1.0 BT - KTX  Avg® (0.4/1)
Iy xBx  61£1748 4y — X (07)  Belle [102]
(keV) 184542 4y — X (2F)  Belle [102]

3915 MeV. It is this reasoning which motivates grouping
them together in Tables 9 and 17. The X (3915) clearly
has C = +, but J¥ remains to be determined.

What more can be gleaned from the existing mea-
surements? The production rate and total width de-
terminations summarized in Table 17 are useful in test-
ing whether the X (3915) behaves like other charmonia.
Existing measurements for product branching fractions
in BT — KT decays, where = n.(15), J/¥, Xes,
he(1P), n.(25), and ¥(25), indicate that such states ap-
pear with branching fractions of 10™3 or below. If the
X (3915) behaved at all similarly, this would, in turn, im-
ply that I'(X(3915) — wJ/v) 2 1 MeV, whereas ¢(25)
and t(3770) have hadronic transition widths at least ten
times smaller. Similarly, the ~7-fusion results in Ta-
ble 17 imply a much larger I'(X(3915) — ~) than is
typical of the few-keV two-photon widths of x.,2, unless
wJ /1 completely dominates its width (which would also
be surprising for a c¢ state). In agreement with this pat-
tern, X (3915) does not appear to have prominent decays
to yJ/v [97], DD [130], or DD* [95]. Hence any con-
ventional ¢¢ explanation for X (3915) would likely have
trouble accommodating these quite uncharmonium-like
features. More data and more analysis, especially of an-
gular distributions, are necessary to firmly establish these
conclusions.

X (3940)

The situation for masses near 3940 MeV gets even
messier when Belle’s analyses of resonances in ete™ —
J/(...) [54] and ete™ — J/opDD* [103] are considered.
The former, as shown in Fig. 26, which examined mass
recoiling against a J/v in inclusive production, was con-
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firmed by the latter partial reconstruction analysis with
the mass and width shown in Table 9. The latter analy-
sis reconstructed the J/¢ and a D or D*, and then used
the missing-mass spectrum to isolate events consistent
with the desired topology. The event was then kinemati-
cally constrained to have the requisite missing mass (D*
or D), improving resolution on the missing momentum.
That four-momentum was then combined with that of
the reconstructed D™ to form the DD* invariant mass,
as illustrated in Fig. 27, yielding a signal for X (3940)
with a significance of 6.0c. From mass measurements
alone, this state appears distinct from the X (3915) by
3.10. Bolstering this notion, explicit searches for a state
with the appropriate mass in B-decays (to DD* [95]) or
double-charmonium production (decaying to w.J /1 [103])
were negative, yielding incompatible w.J/1¢/DD* relative
branching fractions for the two production mechanisms.

X (4160)

Belle [103] extended the ete™ — J/¥DD* analysis to
also search for resonances decaying to D* D*, and found a
broad enhancement X (4160) just above D* D* threshold
with mass and width shown in Table 9. Double vector-
charmonium production, which can occur through two
intermediate virtual photons instead of one, has not yet
been observed, so it seems unlikely that this state could
be 1)(4160). And if eTe™ — J/1) X (4160) is produced via
annihilation, its C-parity would necessarily be positive.
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FIG. 26: From Belle [54], the distribution of mass recoiling
against the J/+ in ete™ — J/9(...) events (points with error
bars). Results of the fit are shown by the solid curve, the
dashed curve corresponds to the expected background distri-
bution. Adapted from [54] with kind permission, copyright
(2007) The American Physical Society
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Y (4140), Y (4274), and X (4350)

New measurements from CDF [106, 107] indicate at
least one more C = + state seen in B decays and de-
caying to two vectors, one being a J/1, near threshold.
In inclusively selected BT — KT ¢J/1 decays, two en-
hancements in the ¢.J/1 mass spectrum, with masses and
widths as shown in Table 9, are Y (4140) and Y (4274).
The analysis requires both that the final state be kine-
matically consistent with B-decay, but also uses the CDF
particle identification system to require three charged
kaons in the decay. The signal significances are 5.00
for Y (4140) and 3.10 for Y (4274). Both remain uncon-
firmed. However, Belle [112] searched for production of
Y (4140) in two-photon fusion, eTe™ — ete~ Y (4140),
Y (4140) — ¢J /1, and found no evidence for it, obtain-
ing a limit of I, x B(¢J/¢) < 40 eV for JZ = 0
and < 5.9 eV for 2% at 90% CL. In that same analysis,
Belle reported a 3.20 enhancement, X (4350) — ¢J /1),
with mass and width as in Table 9 and a production rate
measured to be Ty, x B(¢J/¢) = 6.7753 £ 1.1 eV for

JP =0t and 1.5757 4 0.3 eV for 2t.

2.3.4. Charged exotic mesons: the Z’s

The charmonium-like charged Z states, seen by Belle
in Z= = ¢(28)7~ and xa7~ in B — Z~ K decays, are
of special interest. If these states are mesons, they would
necessarily have a minimal quark substructure of céud
and therefore be manifestly exotic. In a manner simi-
lar to the first unearthing of X (3872), Z~ states were
found in exclusively reconstructed B-decays in which a
conventional charmonium state is a decay product of the
Z~. Here, a single charged pion accompanies either a
(2S) or Y1 (compared to a 77w~ pair accompanying
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a J/1 in the case of X (3872)). The ¢(25) is found via
either ¥(25) — wtn~J/¢ followed by J/v — ¢4~ or
from direct dileptonic decay, 1(2S) — £7£~. The x.1 is
tagged by its decay xc1 — vJ/1, J/1p — £T€~. Statis-
tics are gained in the Z(4430) analysis by using both
charged and neutral B decays, combining each Z~ can-
didate with either a neutral (K% — 777 ~) or charged
kaon candidate, if present. In all cases, background not
from B-decays is small after the usual B-selection crite-
ria on expected B-candidate energy and mass have been
applied, and is well-estimated using appropriately scaled
sidebands in those variables. Each experiment finds con-
sistency in various subsets of its own data (e.g., from
charged and neutral B mesons and in different t(25)
and J/1 decay modes) and thereby justifies summing
them for final results. Belle and BABAR have comparable
mass resolution and statistical power for studying these
decays.

Belle found [115] the first Z~ state by observing a
sharp peak near M(¢(2S5)7n~) = 4430 MeV with sta-
tistical significance of > 60. The largest backgrounds
are B — ¢¥(2S)K}, K — Kn~, where K = K*(892)
or K3(1430). Hence K7~ mass regions around K*(892)
and K3(1430) were excised in this Belle analysis. How-
ever, as interference between different partial waves in
the Km~ system can produce fake “reflection” peaks in
the M (¢(2S)7~) distribution, further attention is war-
ranted. In the kinematically allowed K7~ mass range for
this three-body B-decay, only S-, P- and D-partial waves
in K7~ are significant. Belle found that no combination
of interfering L = 0, 1, 2 partial waves can produce an
artificial mass peak near 4430 MeV without also produc-
ing additional, larger structures nearby in M (¢(25) 7).
Such enhancements are absent in the Belle data, ruling
out such reflections as the origin of the apparent signal.

In recognition of the role K7~ dynamics can play in
the background shape and in response to the BABAR non-
confirming analysis described below, Belle released a sec-
ond analysis [116] of Z(4430) in their data. Here Belle
modeled the B — 9(2S)7n~ K process as the sum of sev-
eral two-body decays, with a B — Z(4430)” K signal
component and, for background, B — 1 (25)K}, where
K7 denotes all of the known K* —K7~ resonances that
are kinematically accessible. Results of this second anal-
ysis are depicted in Fig. 28, which is an m?(¢(28)7™)
Dalitz plot projection with the prominent K* bands re-
moved. The data (points with error bars) are compared
to the results of the fit with (solid histogram) or with-
out (dashed histogram) the Z(4430)~ resonance; the for-
mer can be seen to be strongly favored over the latter,
a 6.40 effect. This Dalitz plot fit yields the mass and
width shown in Table 9 as well as the product branch-
ing fraction, B(B® — Z=K) x B(Z= — ¢(2S)r~) =
(3.2755 796 % 105, These values for the mass, width,
and rate are consistent with the corresponding measure-
ments reported in the initial Belle publication, but have
larger uncertainties, which is indicative of the larger set
of systematic variations in both signal and background
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FIG. 28: From Belle [116], for B — Kn~1(2S) candidates,
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with (without) a Z(4430)™ — 9(2S)7~ resonance term. The
dashed histogram represents non-B-decay background esti-
mated from energy-difference sidebands. Adapted from [116]
with kind permission, copyright (2009) The American Physi-
cal Society

properties that were considered. In the default fit, the
Z(4430)~ resonance was assumed to have zero spin. Vari-
ations of the fit included a J = 1 assignment for the
Z(4430)~, models with hypothetical K* — K7~ reso-
nances with floating masses and widths, and radically
different parametrizations of the K7~ S-wave amplitude.

The corresponding BABAR search [131] added a decay
mode Z(4430)~ — J/¢7m~ that was not considered in ei-
ther Belle study. Its inclusion increases statistics for two
purposes: first, potentially for more signal, since it is
entirely reasonable to expect this mode to occur with at
least as large a branching fraction as the discovery mode;
and second, to study the K7~ resonance structure in the
background, since the J/¢ modes contain about six times
more events than those with the ¢(25). The BABAR anal-
ysis exploits this more copious B-decay mode with ex-
haustive studies of K7~ partial wave dynamics, including
fine-grained determination of angular distributions and
selection efficiencies over all regions of the Dalitz plot.
The data were fit with floating S-, P-, and D-wave inten-
sities. For both J/¢7n~ K and ¢ (25)n~ K samples, good
fits are obtained, as shown in the projections in Fig. 29.
Hence both J/¢7~ and (2S)7~ mass distributions from
BABAR are well-represented by simulations with no extra
resonant structure near M (1(25) 7~ ) = 4430 MeV. At
the same time, if the BABAR M (1)(2S) 7~ ) distribution
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FIG. 29: From BABAR [131], the ¢m~ mass distributions for
(a) B — J/Yrm~ K and (b) B — ¢'r~ K. The points show
the data (integrated over all K7~ regions) after efficiency
correction and background subtraction. The dashed curves
show the K7~ reflection expected for a uniform decay angle
(cos k) distribution, while the solid curves show the result
when accounting for the measured angular variation. The
shaded bands represent the effect of statistical uncertainty on
the normalized moments. In (b), the dot-dashed curve in-
dicates the result expected if the K7~ properties measured
for J/ym~ K are used. The dashed vertical lines indicate the
value of m(ynr~) = 4433 MeV. In (c) and (d) appear the
residuals (data-solid curve) for (a) and (b), respectively, after
the solid curves are subtracted from the data. Adapted from
[131] with kind permission, copyright (2009) The American
Physical Society

with a K*(892) and K3(1430) veto (as done by Belle) is
fit for the presence of a Z(4430)~ at the same mass and
width found by Belle, a signal with 20 statistical signifi-
cance is found, indicating a statistical consistency in the
corresponding Belle and BABAR mass distributions. This
latter finding was verified with a direct bin-by-bin com-
parison between the Belle and BABAR M (¢(2S) 7n~) dis-
tributions after the K*(892) and K3 (1430) veto: the two
samples were found to be statistically equivalent. That
is, while no statistically significant signal for Z(4430)~ in
the BABAR data has been found, neither does the BABAR
data refute the positive Belle observation of Z(4430)~.

Belle has also found [105] signals, dubbed Z;(4050)~
and Z5(4250), in the .17~ channel, again using B —
Z~ K decays. Here the kinematically allowed mass range
for the K7~ system extends beyond the K3(1780) F-
wave resonance. Thus S-; P-, D- and F-wave terms for
the K7~ system are all included in the model. A Dalitz
fit with a single resonance in the Z— — x. 7~ channel is
favored over a fit with only K resonances and no Z~ by
>100. Moreover, a fit with two resonances in the x.im~
channel is favored over the fit with only one Z~ resonance
by 5.70. Fitted mass values appear in Table 9. The
product branching fractions have central values similar to
that for the Z(4430)~ but with large errors. Figure 30
shows the m(x.17~) projection of the Dalitz plot with
the K* bands excluded and the results of the fit with
no Z- — X7 resonances and with two 2= — yom~
resonances.
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ican Physical Society

Thus, although two experiments have explored these
new states, we are left in the less than satisfying situ-
ation of three claims of definitive observations and one
nonobservation which does not exclude the positive mea-
surement. If any or all of the three charged Z~ states re-
ported by Belle are in fact meson resonances, they would
be “smoking guns” for exotics. It is therefore crucial
that these states be confirmed or refuted with indepen-
dent measurements. In particular, BABAR should search
for Z;1(4050)~ and Z3(4250)~ in the x.1 7~ channel and
Belle should search for Z(4430)~ in the J/¢7r~ channel.
That the purported Z(4430)~ might decay copiously to
¥(25)7~ but barely or not at all to J/¢m~ is a theoretical
puzzle worth addressing. The D@ and CDF experiments
at the Tevatron could also search for inclusive production
of Z(4430)~.

2.4. Characteristics of quarkonium systems

Heavy quarkonia are systems composed of two heavy
quarks, each having mass m much larger than the QCD
confinement scale Aqcp. Because the system is nonrela-
tivistic, quarkonium is characterized by the heavy-quark
bound-state velocity, v < 1, ( v? ~ 0.3 for cé, v? ~ 0.1
for bb, v? ~ 0.01 for tf) and by a hierarchy of energy
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scales: the mass m (hard scale, H), the relative mo-
mentum p ~ muv (soft scale, S), and the binding energy
E ~ mv? (ultrasoft scale, US). For energy scales close to
Aqcp, perturbation theory breaks down and one has to
rely on nonperturbative methods. Regardless, the non-
relativistic hierarchy of scales,

m>p~1/r~mv>E~mv?, (9)

where r is the typical distance between the heavy quark
and the heavy antiquark, also persists below the scale
Aqep. Since m > Aqep, as(m) < 1, and phenomena
occuring at the scale m may be always treated perturba-
tively. The coupling may also be small if mv > Aqcep
and mv? > Aqcp, in which case as(mv) < 1 and
as(mv?) < 1, respectively. This is likely to happen only
for the lowest charmonium and bottomonium states (see
Fig. 31). Direct information on the radius of the quarko-
nia systems is not available, and thus the attribution of
some of the lowest bottomonia and charmonia states to
the perturbative or the nonperturbative soft regime is at
the moment still ambiguous. For t¢ threshold states even
the ultrasoft scale may be considered perturbative.

This hierarchy of nonrelativistic scales separates
quarkonia [1] from heavy-light mesons, the latter of
which are characterized by just two scales: m and
Aqep [132, 133]. This makes the theoretical description
of quarkonium physics more complicated. All quarko-
nium scales get entangled in a typical amplitude involv-
ing a quarkonium observable, as illustrated in Fig. 32. In
particular, quarkonium annihilation and production take
place at the scale m, quarkonium binding takes place at
the scale mv (which is the typical momentum exchanged
inside the bound state), while very low-energy gluons and
light quarks (also called ultrasoft degrees of freedom) are

2540610-s031

L A e s B B

o (1/r)

Y Jhy Y’
0 010 015 020 025
r (fm)

FIG. 31: The strong coupling constant, as, at one loop, as
a function of quarkonium radius r, with labels indication ap-
proximate values of mv for YT(15), J/v, and Y(2S)
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FIG. 32: Typical scales appearing in a quarkonium annihila-
tion diagram

sufficiently long-lived that a bound state has time to form
and therefore are sensitive to the scale mv?. Ultrasoft
gluons are responsible for phenomena like the Lamb shift
in QCD. The existence of several scales complicates the
calculations. In perturbative calculations of loop dia-
grams the different scales get entangled, challenging our
abilities to perform higher-order calculations. In lattice
QCD, the existence of several scales for quarkonium sets
requirements on the lattice spacing (a < 1/m) and overall
size (La > 1/(mwv?)) that are challenging to our present
computational power.

However, it is precisely the rich structure of separated
energy scales that makes heavy quarkonium particularly
well-suited to the study of the confined region of QCD, its
interplay with perturbative QCD, and of the behavior of
the perturbation series in QCD: heavy quarkonium is an
ideal probe of confinement and deconfinement. Quarko-
nia systems with different radii have varying sensitivies
to the Coulombic and confining interactions, as depicted
in Fig. 33. Hence different quarkonia will dissociate in
a medium at different temperatures, providing, e.g., a
thermometer for the plasma, as discussed in Sect. 5.3.

2.5. Nonrelativistic effective field theories

The modern approach to heavy quarkonium is
provided by Nonrelativistic Effective Field Theories
(NR EFTs) [134]. The idea is to take advantage of the
existence of a hierarchy of scales to substitute simpler but
equivalent NR EFTs for QCD. A hierarchy of EFTs may
be constructed by systematically integrating out modes
associated with high-energy scales not relevant for the
quarkonium system. Such integration is performed as
part of a matching procedure that enforces the equiva-
lence between QCD and the EFT at a given order of the
expansion in v. The EFT realizes factorization between
the high-energy contributions carried by the matching
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FIG. 33: Static QQ potential as a function of quarkonium
radius r

coefficients and the low-energy contributions carried by
the dynamical degrees of freedom at the Lagrangian level.
The Poincaré symmetry remains intact at the level of the
NR EFT in a nonlinear realization that imposes exact re-
lations among the EFT matching coefficients [135, 136].

2.5.1. Physics at the scale m: NRQCD

Quarkonium annihilation and production occur at the
scale m. The suitable EFT is Nonrelativistic QCD [137,
138], which follows from QCD by integrating out the scale
m. As a consequence, the effective Lagrangian is orga-
nized as an expansion in 1/m and as(m):

LNRQCD = Z W X On(,u,mv,mUZ, ..), (10)
n
where O,, are the operators of NRQCD that are dy-
namical at the low-energy scales mv and mv?, p is the
NRQCD factorization scale, and ¢, are the Wilson coef-
ficients of the EFT that encode the contributions from
the scale m and are nonanalytic in m. Only the upper
(lower) components of the Dirac fields matter for quarks
(antiquarks) at energies lower than m. The low-energy
operators O,, are constructed out of two or four heavy-
quark/antiquark fields plus gluons. The operators bilin-
ear in the fermion (or antifermion) fields are the same
ones that can be obtained from a Foldy-Wouthuysen
transformation of the QCD Lagrangian. Four-fermion
operators have to be added. Matrix elements of O,, de-
pend on the scales p, mv, mv? and Aqcp. Thus oper-
ators are counted in powers of v. The imaginary part
of the coefficients of the four-fermion operators contains
the information on heavy quarkonium annihilation. The



NRQCD heavy quarkonium Fock state is given by a se-
ries of terms, where the leading term is a QQ in a color-
singlet state, and the first correction, suppressed in v,
comes from a QQ in an octet state plus a gluon. Higher-
order terms are subleading in increasing powers of wv.
NRQCD is suitable for spectroscopy studies on the lat-
tice. The latest results on charmonium, bottomonium,
and B, spectroscopy are reported in Sect. 2.6.2. For the
latest results on NRQCD inclusive decay amplitudes, see
Sect. 3.2.1.

2.5.2. Physics at the scales mv, mv?: pNRQCD

Quarkonium formation occurs at the scale mv. The
suitable EFT is pNRQCD [139, 140], which follows from
NRQCD by integrating out the scale mv ~ r~. The soft
scale mwv may or may not be larger than the confinement
scale Aqcp depending on the radius of the quarkonium
system. When mv? ~ Aqcp, we speak about weakly-
coupled pNRQCD because the soft scale is perturbative
and the matching of NRQCD to pNRQCD may be per-
formed in perturbation theory. When mv ~ Aqcp, we
speak about strongly-coupled pNRQCD because the soft
scale is nonperturbative and the matching of NRQCD to
pNRQCD is not possible in perturbation theory. Below
we will review recent results and applications of the two
EFTs.

2.5.3. mv > Aqcep: weakly-coupled pNRQCD

The effective Lagrangian is organized as an expansion
in 1/m and «s(m), inherited from NRQCD, and an ex-
pansion in r [140]:

LoNRQCD = /d?’r Z Z 7071(0[;3:})’#)
n k

X Vo (r, 1/, 1) R x Op(p/,ma?, ..., (11)

where Oy, are the operators of pNRQCD that are dom-
inant at the low-energy scale mv?, ' is the pPNRQCD
factorization scale and V;, , are the Wilson coefficients of
the EFT that encode the contributions from the scale r
and are nonanalytic in . The degrees of freedom that
make up the operators Oy, are QQ states, color-singlet S,
color-octet 0,7, and (ultrasoft) gluons. The operators
are defined in a multipole expansion. In the equations
of motion of pNRQCD, we may identify V;, o = V,, with
the 1/m™ potentials that enter the Schrodinger equation
and V,, 2o with the couplings of the ultrasoft degrees
of freedom that provide corrections to the Schrodinger
equation. Since the degrees of freedom that enter the
Schrodinger description are, in this case, both Q@ color
singlet and QQ color octets, both singlet and octet po-
tentials exist.

The bulk of the interaction is contained in potential-
like terms, but non-potential interactions, associated
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with the propagation of low-energy degrees of freedom
are, in general, present as well and start to contribute at
NLO in the multipole expansion. They are typically re-
lated to nonperturbative effects. Matrix elements of O,, j
depend on the scales 1/, mv? and Aqep.-

If the quarkonium system is small, the soft scale is
perturbative and the potentials can be entirely calculated
in perturbation theory [134]. They are renormalizable,
develop a scale dependence, and satisfy renormalization
group equations that eventually allow resummation of
potentially large logarithms.

Progress in the perturbative calculation of the potentials

e QQ singlet and octet potentials

There has been much progress in the computation of
the perturbative corrections to the potential between a
static quark and a static antiquark in a color-singlet con-
figuration. The subleading logarithmic term coming from
ultrasoft effects has been computed [141]. The resum-
mation of those subleading ultrasoft logarithms has also
been performed [142], along with a comparison of the
static energy to lattice data [142]. These calculations
confirm that perturbation theory can reproduce the lat-
tice very accurately at short distances (up to 0.25 fm)
once the cancellation of the leading renormalon singular-
ity is implemented.

The three-loop correction to the static potential is now
completely known: the fermionic contributions to the
three-loop coefficient [143] first became available, and,
more recently, the remaining purely gluonic term has
been obtained [144, 145]. The value found for the ny-
independent three-loop coefficient is much lower than
the previous, widely-used Padé estimate and within the
range obtained by comparing to lattice data [142]. The
future implementation of the three-loop result may im-
prove the precision of some mass and strong-coupling de-
terminations. In particular, the recently obtained the-
oretical expression [146] for the complete QCD static
energy at next-to-next-to-next-to-leading-logarithmic ac-
curacy (NNNLL) has been used to determine roAgg by
comparison with available lattice data, where rq is the
lattice scale and Agpg is the QCD scale, obtaining

rolAsrg = 0.62275012 (12)

for the zero-flavor case. This extraction was previously
performed at the NNLO level (including an estimate at
NNNLO) in [147]. The same procedure can be used to ob-
tain a precise evaluation of the unquenched roAgg value
after short-distance unquenched lattice data for the QQ
exist.

At three-loop order a violation of the Casimir scaling
for the static QQbar potential is found, see [148].

The static octet potential is known up to two
loops [149]. Relativistic corrections to the static singlet
potential have been calculated over the years and are
summarized in [134].



e QQQ and QQq static potentials

The three-quark static potential has been calculated
in perturbation theory at next-to-leading order in the
singlet, octet, and decuplet channels [150, 151]. Mixing
between the octet representations has been found already
at tree level. At next-to-next-to-leading order, the subset
of diagrams producing three-body forces has been iden-
tified in Coulomb gauge and their contribution to the
potential calculated. Combining it with the contribution
of the two-body forces, which may be extracted from the
quark-antiquark static potential, the complete next-to-
next-to-leading order of the three-quark static potential
in the color-singlet channel has been obtained in [150].
These results may be important for accurate calculations
of the lowest QQQ states as well as for comparison and
study of the QQQ lattice static energies in the domain
of small interquark distance.

The same pNRQCD description is also possible for
QQ states, which are relevant for doubly-charmed
baryons [151, 152]. The Q@ antitriplet static potential,
relevant for the QQq states, has been calculated at next-
to-next-to-leading order [150]. First lattice calculations
of the QQq potential have also become available [153—
155].

Progress on the lowest spectra calculation

For systems with small radii, precision calculations
are possible. In such cases, quarkonium may become a
benchmark for our understanding of QCD, in particular
for the transition region between perturbative and non-
perturbative QCD, and for the precise determination of
Standard Model parameters (e.g., heavy quark masses,
ag, as described in Sect. 2.8). When the soft scale is
perturbative, the energy levels are given by the expec-
tation value of the perturbative potentials, calculated to
the appropriate order of the expansion in ag plus nonper-
turbative terms that are not part of the potential, which
start to contribute to the energy levels at order ma®.
They enter energy levels and decay calculations in the
form of local or nonlocal electric and magnetic conden-
sates [134, 156-159]. A precise and systematic knowledge
of such nonperturbative, purely glue-dependent objects is
still lacking. It is therefore important that these conden-
sates be fixed, either by dedicated lattice determinations
or extracted from the data. Within pNRQCD it is pos-
sible to relate the leading electric and magnetic nonlocal
correlators to the gluelump masses and to some existing
lattice (quenched) determinations [134].

However, since the nonperturbative contributions are
suppressed in the power counting, it is possible to ob-
tain precise determinations of the masses of the lowest
quarkonium resonances within purely perturbative cal-
culations, in the cases in which the perturbative series
is convergent (i.e., after the appropriate subtractions of
renormalons have been performed), and large logarithms
are resummed [160-163].

Once the potentials are known, energy levels can be
computed. The lowest heavy quarkonium states are suit-
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able to obtain precise determinations of the b and ¢ mass.
Such determinations are competitive with those coming
from different systems and different approaches, as has
been discussed at length [1]. An update of recent result
on mass extractions is given in Sect. 2.8.

Once the quark masses have been obtained, it is pos-
sible to obtain the energy levels of the lowest reso-
nances. However, which quarkonium state belongs to
which regime is an open issue and no clear-cut method
exists to decide this a priori, since we lack a direct
method to determine the quarkonium radius [164, 165].
Typically the lowest states Y(1.5),n, Be, and possibly
J/¢ and 7. are assumed to be in the weakly-coupled
regime. The S-wave energy levels are known in per-
turbation theory at next-to-next-to-next-to-leading order
(mag®) [156, 157, 166-169).

A prediction of the B. mass has been obtained [170].
The NNLO calculation with finite charm mass ef-
fects [171, 172] predicts a mass of 6307(17) MeV, in agree-
ment with the CDF measurement [173] and the lattice de-
termination [74]. A NLO calculation reproduces, in part,
the xps(1P) fine splitting [174]. The same procedure
seems to work at NNLO even for higher-mass bottomo-
nium states (i.e., measured masses match the predictions
within the respective theory errors, which are larger for
higher-mass states) [171]. Including logs resummation at
NLL, it is possible to obtain a prediction [175]

Amps[np(1S)] = 41 + 11(th) T2(das) MeV,  (13)

in which the second error comes from the uncertainty in
as. This value is consistent with another perturbative
prediction [176] but both undershoot the average experi-
mental value from Eq. (5) by about 20. This discrepancy
with experiment remains a challenge for theory. (There
are further discussions of the 7;,(1.5) hyperfine splitting in
Sects. 2.2.5, 2.6.2, 2.7, 2.8.1, and 2.10.1, the last of which
offers the possibility of new physics becoming manifest in
7p(nS) mass splittings.) Similar calculations yield a pre-
dicted B, hyperfine separation [177]

m(B}) —m(B.) = 50 £ 17715 MeV . (14)

2.5.4. mv ~ Aqcp: strongly-coupled pNRQCD

When mv ~ Aqcp the soft scale is nonperturbative
and the matching from NRQCD to pNRQCD cannot be
performed in perturbation theory. Then the potential
matching coefficients are obtained in the form of expec-
tation values of gauge-invariant Wilson-loop operators.
In this case, heavy-light meson pairs and heavy hybrids
develop a mass gap of order Aqcp with respect to the
energy of the QQ pair, the second circumstance being ap-
parent from lattice simulations. Thus, away from thresh-
old, the quarkonium singlet field S'is the only low-energy
dynamical degree of freedom in the pNRQCD Lagrangian
(neglecting ultrasoft corrections coming from pions and



other Goldstone bosons). This pNRQCD Lagrangian
may be expressed as [134, 178, 179]:

2
£pNRQCD = ST <Zao — ;)7’17% — Vs(T)> S. (15)

The singlet potential Vg(r) can be expanded in powers
of the inverse of the quark mass; static, 1/m and 1/m?
terms were calculated long ago [178, 179]. They involve
NRQCD matching coefficients (containing the contribu-
tion from the hard scale) and low-energy nonperturba-
tive parts given in terms of static Wilson loops and field-
strength insertions in the static Wilson loop (containing
the contribution from the soft scale). In this regime of
pNRQCD, we recover the quark potential singlet model.
However, here the potentials are calculated in QCD by
nonperturbative matching. Their evaluation requires cal-
culations on the lattice or in QCD vacuum models.

Recent progress includes new, precise lattice calcu-
lations of these potentials obtained using the Liischer
multi-level algorithm (see Sect. 2.6.3 for more details).

Then, away from threshold, all the masses can be ob-
tained by solving the Schrodinger equation with such po-
tentials. Some applications of these results to the spec-
trum calculation are ongoing [180].

A trivial example of application of this method is
the mass of the h.(1P). The lattice data show a van-
ishing long-range component of the spin-spin potential.
Thus the potential appears to be entirely dominated
by its short-range, delta-like, part, suggesting that the
1P, state should be close to the center-of-gravity of the
3P; system. Indeed, the measurements described in
Sect. 2.2.1 and summarized in Table 5 are consistent with
this expected value.

If we explicitly consider light quarks, each quarkonium
state may develop a width due to decay through pion
emission. The neavy-light states develop a mass gap of
order Agcp with respect to quarkonium which can be
absorbed into the definition of the potentials or of the
(local or nonlocal) condensates [181].

2.6. Lattice QCD spectrum calculations

In quarkonia, the ultrasoft scale mwv? is often of a simi-
lar size as the scale Aqcp, where non-perturbative effects
become important. For all charmonium and many bot-
tomonium states the soft scale mv ~ 1/r is not much
larger than Aqcp either. The non-perturbative contri-
butions can be evaluated via computer simulations of
lattice-regularized QCD (Lattice QCD), where the lat-
tice spacing a provides a hard ultraviolet cut-off on the
available momenta in a Euclidean space-time volume.

Light sea quarks are particularly expensive to simulate
numerically since the computational effort increases as
a large inverse power of the corresponding pseudoscalar
mass mps. The spatial lattice extent, La, should be
much larger than m;sl to control finite-size effects, ne-
cessitating large volumes. Only very recently have the
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first simulations near the physical pion mass mpg &~ m,
become possible [182-185]. In the first reference a vari-
ant of the staggered fermion action was applied. These
fermions are usually only defined for n; mass-degenerate
fermions, where ny is a multiple of four. This restric-
tion was circumvented by replacing the determinant of
the ny = 8 + 4 staggered action by a fourth root that
may then correspond to ny = 2+ 1. However, it remains
controversial whether this ad hoc prescription recovers a
unitary, local quantum field theory and thus the correct
continuum limit. Moreover, there are claims that the ad-
ditional so-called taste symmetry cannot be completely
restored in the continuum limit [186, 187], some aspects
of which have been refuted [188], and others of which
have yet to be clearly established [189].

The lattice regularization of QCD is not unique, and
many different discretized actions can be constructed
that should yield the same results after removing the cut-
off (continuum limit extrapolation: a — 0). While the
Wilson action is subject to O(a) discretization effects,
other actions are O(a) improved, e.g., chiral actions ful-
filling the Ginsparg-Wilson relation, staggered actions,
twisted-mass QCD or the nonperturbatively-improved
Sheikholeslami-Wilson (clover) action. Ideally, lattice
simulations are repeated at several values of the lattice
spacing, a < Aélc]y and the results then extrapolated
to the continuum limit. Lattice artifacts will be large
if physics at scales ¢ & a~! becomes important, spoil-
ing the continuum limit extrapolation. In this respect,
the charm quark mass, m., and, even more so, the bot-
tom quark mass, my, pose challenges. By exploiting or
ignoring the multiscale nature of quarkonium systems,
different routes can be taken.

One way to proceed is to integrate out m as well as
mv and to evaluate the resulting potential nonpertur-
batively in lattice simulations of pNRQCD [139, 140].
Subsequently, the energy levels can be obtained by solv-
ing a Schrodinger equation. This directly relates lat-
tice simulations to QCD vacuum models and to potential
models. However, at present this approach is only semi-
quantitative since no calculations of the matching of lat-
tice pPNRQCD, where rotational symmetry is broken, to
QCD is available.

Another approach, which is more common, is to inte-
grate out only m and to simulate NRQCD [137, 138] on
the lattice [190]. In this case, the lattice spacing, a1,
plays the role of the soft matching scale, u, used above.
Unless this is restricted to m > a~! = mwv, the NRQCD
matching coefficients will become uncontrollably large,
and the continuum limit cannot be taken. Therefore
a must be sufficiently fine for discretization effects to
be smaller than the neglected higher-order terms in the
heavy-quark expansion. This restricts the applicability
of NRQCD methods to systems containing b quarks.

Relativistic heavy quark actions can also be used be-
cause the inequality a=! > m usually still holds so
that spin-averaged level-splittings can be obtained. To
a lesser extent, reliable results on the fine structure can



be achieved as well. The Fermilab effective field the-
ory interpretation of the heavy quark action [191, 192]
smoothly connects the region m ~ a~! with the contin-
uum limit a~! > m, allowing charm and bottom systems
to be treated in the same set up.

The following sections survey the present state-of-the-
art. We start with results obtained using a relativis-
tic heavy-quark action, continue with NRQCD, and con-
clude with lattice pNRQCD results.

2.6.1. Relativistic heavy quark actions

One way of limiting the computational cost of small
lattice spacings, i.e., of a large number of lattice points,
is the use of anisotropic actions, with a temporal lat-
tice spacing, a,, smaller than the spatial lattice spacing,
a, = Ear, where £ > 1. The spatial lattice extent, L,a,,
still needs to be sufficiently large to accommodate the
quarkonium state, which has a size of order r ~ (mwv)~!.
In the presence of light sea quarks, one would addition-
ally wish to realize L,a > mgsl. With sufficiently large
Gy, it is possible to limit the number of lattice points,
o L3. Tt is then easy to realize a, < m~!, where m is
the particle mass. Naively, such simulations are cheaper
by a factor &3 relative to the isotropic case. This method
was successfully explored in the quenched approxima-
tion [193, 194], and is reviewed in [1].

At tree level, it can be arranged that the lattice spacing
errors are O[(ma,)"], where n € {1,2} depends on the
heavy-quark action, but care is needed to ensure it [195].
One-loop corrections may lead to Ofas(ma,)"] terms: to
the extent that o &™ is small, the leading-order lattice ef-
fects can be regarded as O[(ma,)™]. The anisotropy pa-
rameter £ must be determined consistently for the quark
and gluon contributions to the QCD action. Within the
quenched approximation, where the feedback of quark
fields onto the gluons is neglected, this problem factor-
izes. The tuning is much harder to achieve and numer-
ically more costly in QCD with sea quarks. Neverthe-
less such a program was pursued very successfully by
the Hadron Spectrum Collaboration [196]. It should be
noted, however, that, in this case, the O(a) improvement
is not nonperturbatively accurate.

Such anisotropic configurations have been employed to
calculate electromagnetic transition rates from excited
charmonium states, high-spin states, and exotics [71,
197, 198] with small volumes. The lattice spacing and
sea quark mass dependencies will be investigated in the
near future. The same holds for an exploratory study
of the Regensburg group, using the isotropic clover ac-
tion for ny = 2 sea quarks (generated by the QCDSF
Collaboration [199]) and charm quarks, using a lattice
cutoff a=! ~ 1.7 GeV [200]. While the spin-averaged
splittings are in qualitative agreement with experiment,
the fine structure is underestimated due to unphysically-
heavy sea quarks and the missing continuum limit extrap-
olation. Another study with improved Wilson fermions
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was performed by PACS-CS with ny = 2 + 1 sea quark
flavours at the physical © mass [183], focusing only on
very few JTC channels. In this case, the J/1-1.(19)
splitting is underestimated by about 10% relative to ex-
periment, which can probably be attributed to the fi-
nite lattice spacing. Note that valence quark annihilation
channels were omitted in all these studies.

To this end, mixing effects with noncharmed mesons
and flavor-singlet contributions to the spectrum were
evaluated [201] and found to be smaller than 10 MeV
in the pseudoscalar channel. The latter effect was also
investigated by the MILC Collaboration [202], with sim-
ilar results. It should be noted that valence quark anni-
hilation diagrams were neglected in all other unquenched
studies. Finally, mixing effects between radially-excited
cc states and four-quark molecules (or tetraquarks) were
investigated at a sea pion mass, mpg < 300 MeV, at
a~! ~ 2.4 GeV [203]. Indications of attraction and mix-
ing were found in the 1** channel, supporting the inter-
pretation of the X (3872) as a D*°D0 bound state with
a Xc1(2P) admixture. Other charmed tetraquark stud-
ies [204, 205] were performed in the quenched approxima-
tion and did not take into account valence-annihilation
diagrams. A recent review on the tetraquark topic is
presented in [206].

At present, all lattice studies of heavy quarkonium
spectroscopy in which a continuum limit is taken are
based on ny ~ 2 4 1 configurations generated by the
MILC Collaboration [207] using the so-called AsqTad
improved staggered sea-quark action [208]. Together
with the Fermilab Lattice Collaboration, charmonium
and bottomonium spectra were investigated using the
clover action for the heavy quarks at four different lattice
spacings ranging from (1.2 GeV)~! down to (2.2 GeV) ™1,
and various light quark masses [209]. Only S- and P-
waves were studied. After extrapolating to the physi-
cal limit, all spin-averaged splittings, with the exception
of the charmonium 25 — 1S splitting, which is muddled
with threshold effects, are in agreement with experiment.
Moreover, the 1.5 and 1P fine structures are compatible
with the experimental values. The continuum limit ex-
trapolation was essential to achieve this. The same com-
bination of AsqTad sea-quark action and clover charm-
quark action was also used in a recent calculation of
singly- and doubly-charmed baryons [210].

2.6.2. NRQCD lattice calculations

As discussed above, lattice NRQCD is a suitable
method for bottomonia studies, for which am; > 1 and
Aqep/(vmy) < 1. However, the precision of the results
for fine-structure splittings is limited here by the fact
that the QCD matching coefficients are typically taken
at tree level only in such lattice simulations.

The HPQCD and UKQCD Collaborations presented
calculations [211] of the bottomonium spectrum using
the ny = 241 MILC gauge configurations [207] described



above, expanding to order-v? in the heavy-quark velocity
v. Another lattice calculation for bottomonium [212] that
closely followed the methods of [211] was later released,
but using the ny = 2 + 1 configurations provided by the
RBC and UKQCD Collaborations [213]) with the chiral
domain-wall sea-quark action for a single lattice spacing
a~! ~ 1.7 GeV, also expanding to order v*. Both calcula-
tions [211, 212] found agreement with experiment for the
spin-averaged splittings. The spin-dependent splitting
was seen to be systematically underestimated in [212],
possibly due to the omission of relativistic, radiative,
and discretization corrections (see Sect. 2.7 for more on
Ampg[np(15)]). The same method was then used to cal-
culate the spectrum of other states containing one or two
b-quarks, including baryons [212, 214]. Again, the under-
estimation of the experimental fine structure might be
due to either the coarse lattice spacing or the imprecise
matching between lattice NRQCD and QCD.

Large scale simulations of the spectrum of T states and
B, which include sea quark mass and continuum limit
extrapolations, were performed by the HPQCD collabo-
ration [215, 216]. They employed an NRQCD action for
the b quark and combined this with the relativistic HISQ
(highly improved staggered quark) action for the charm
quark. Their findings are very similar to those of [209];
it will be very interesting to perform a detailed compari-
son between results from a relativistic b-quark action and
NRQCD on the same ensemble of gauge configurations.

The mass of the triply-heavy baryon u,, has been
calculated [217] in lattice QCD with 2 4+ 1 flavors of
light sea quarks. The b-quark is implemented with im-
proved lattice NRQCD. Gauge field ensembles from both
the RBC/UKQCD and MILC collaborations with lattice
spacings in the range from 0.08-0.12 fm are used. The
final result for the mass, which includes an electrostatic
correction, is

m(Quyp) = 14.371 £ 0.004 (stat.) £ 0.011 (syst.)
+ 0.001 (exp.) GeV. (16)

The hyperfine splitting between the physical J = % state
and a fictitious J = 3 state is also presented [217].

2.6.3. pNRQCD lattice calculations

Another approach is offered by pNRQCD [178, 179].
Unfortunately, lattice pPNRQCD also suffers from the fact
that the matching coefficients between lattice NRQCD
and QCD are only known at tree level. pNRQCD bridges
the gap between QCD and potential models. Imple-
mented on the lattice, it amounts to calculating static
potentials and spin- and velocity-dependent corrections.
Recent and not so recent progresses in this area in-
clude the calculation of string breaking in the static sec-
tor [218], which offers one entry point into the study of
threshold states, the calculation of potentials in bary-
onic static-static-light systems [155, 219], and the cal-
culation of interaction energies between two static-light
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mesons [220]. New very precise results on all leading rel-
ativistic corrections to the static Q@) potential have also
been calculated [221-223].

2.7. Predictions for the 7,(1S) mass

The calculation described above in Sect. 2.5.3 with re-
sult in Eq. (13) gives a numerical result for Ampe[n,(19)]
(41 £ 14 MeV) that is typical of perturbative calcula-
tions (e.g., 44+11 MeV is given by [176]). These values
are somewhat smaller than those obtained from lattice
NRQCD as described in Sect. 2.6.2 above (e.g., 61 +
14 MeV in [211] and 52 4 1.5(stat.) MeV in [212]). How-
ever, it has been argued [224] that additional short-range
corrections of 8889 Amye[m(1S)] ~ —20 MeV would
lower these unquenched lattice results to the level of the
perturbative predictions.

Very recently a newer lattice prediction [225] per-
formed at order v in the NRQCD velocity expan-
sion has been obtained at tree level for the NRQCD
matching coefficients and with domain-wall actions for
sea quarks, including the spin splittings, and based
on the RBC/UKQCD gauge field ensembles. This ap-
proach [225] addresses the concerns in [224] (namely, that
radiative contributions in the calculation are missing be-
cause the NRQCD matching coefficients are calculated at
tree level) by calculating appropriate ratios of spin split-
tings and thereafter normalizing to a measured value.
With this method, and using the experimental result for
the 1P tensor splitting as input, a 1.5 bottomonium hy-
perfine splitting of

Ampe[np(15)] = 60.3 + 5.5 (stat.)
+ 5.0(syst.)
+ 2.1 (exp.) MeV
—60.3 £ 7.7 MeV (17)

is determined. This value is slightly smaller (1.10)
than but consistent with the experimental measurements
(Eq. (5) and Table 7), and somewhat larger (1.2¢) than
but consistent with earlier pQCD calculations [175, 176]
(see Eq. (13)). However, this still leaves the weakly-
coupled pNRQCD (perturbative) and experimental val-
ues 2.00 apart, and it is not clear why; the lattice
NRQCD lies in between. More study and better pre-
cision in the predictions are required to gain confidence
in both perturbative and nonperturbative calculations.
(See further discussions of the 7,(1S) hyperfine splitting
in Sects. 2.2.5, 2.5.3, 2.8.1, and 2.10.1).

2.8. Standard Model parameter extractions

Given the progress made in the effective field theories
formulation, in the calculation of high order perturbative
contributions and in the lattice simulations, quarkonium



appears to be a very suitable system for precise deter-
mination of Standard Model parameters like the heavy
quark masses and ag. Below we report about recent de-
terminations. For a review and an introduction to the
procedure and methods used in this section, see [1].

2.8.1. « determinations

Below we review several extractions of the strong cou-
pling constant related to observables in heavy quarko-
nium physics. All values for ag are quoted in the MS
scheme with ny = 5, unless otherwise indicated.

as from quarkonia masses on the lattice

A precise determination of ag from lattice simulations
has been presented by the HPQCD Collaboration [182].
The mass difference m[Y(2S)] — m[Y(1S)], the masses
m[Y(15)], m[n.(15)], and light meson masses were used
to tune the bare parameters. Several short-distance
quantities, mainly related to Wilson loops, were com-
puted to obtain the original result [182]

as(mzo) = 0.1183 = 0.0008. (18)

An independent implementation of a similar lattice-based
approach, using the same experimental inputs as [182],
yields [226]

as(mzo) =0.1192 £+ 0.0011 . (19)

The HPQCD Collaboration updated their original result
of Eq. (18), superseding it with [227]

as(mzo) = 0.1184 = 0.0006 . (20)

This value is not independent of the result in Eq. (19).
The two results in Egs. (18) and (19) are expected to be
nearly identical, as they use the same inputs and different
calculations of the same theoretical effects.

Another new determination [227, 228] of oy uses mo-
ments of heavy-quark correlators calculated on the lattice
and continuum perturbation theory. The same references
also provide a determination of the ¢- and b-quark masses,
described in Sect. 2.8.2. The result is [227]

a(mo) = 0.1183 + 0.0007 . (21)

These extractions of ag, based on lattice calculations and
quarkonia masses, are the most precise individual deter-
minations among the many methods and measurements
available [229], and will thus tend to dominate any aver-
age over different o determinations such as that in [229].
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as from quarkonium radiative decays

The CLEO [230] measurement of the inclusive radia-
tive decay Y (15) — vX (see Sect. 3.2.2), together with a
theoretical description of the photon spectrum [231], has
made it possible to obtain a precise determination of ay
from YT(1S) decays [232]. A convenient observable is the
parton-level ratio

L'(V = v99)
L'(V = gg9)

for decays of heavy vector meson V. The wave func-
tion of V' = Y(15) at the origin and the relativistic cor-
rections cancel at order v? in this ratio. Furthermore,
one also needs to include color-octet contributions in the
decay rates, requiring an estimation of the color-octet
NRQCD matrix elements. The two color-octet matrix
elements that appear in the numerator of R, at order
v2, 0g(1Sp) and Og(®Fy), also appear in the denomina-
tor, which includes Og (S ), thus decreasing the theoret-
ical uncertainty associated with the estimation of those
matrix elements in the g extraction. The theoretical
expression for R, at order v? is

R,

(22)

36 ea 1+C,R;
R,=—>2- ——1r= 23
v 5 Qg 1+C'LR'L ( )

Here e, is the b-quark charge, « is the fine structure
constant, and C,;R; and C;R; represent the order v2
corrections to the numerator and denominator, respec-
tively. The v? corrections [232] account for radiative, rel-
ativistic, and octet effects. Experimental values of R, for
V =7(15,28,35) appear in Table 24. The value of R,
for T(15) obtained by CLEO [230] using the Garcia-Soto
(GS) QCD calculation [231] for the photon spectrum® is

Ry [Y(18)]exp = 0.0245 +0.0001 £ 0.0013,  (24)

where the first error is statistical and the second is sys-
tematic. The value of ag obtained from Eq. (23) using
Eq. (24) as input is [232]

as(mr(ls),nf 24) = 0.184t8'_8%i,
as(mgo) = 0.11979-095 . (25)

The recent lattice [233] and continuum [234] estimates of
the octet matrix elements are used to obtain this result.
The experimental systematic uncertainty from Eq. (24)
dominates the error in ay shown in Eq. (25).

There are also CLEO measurements of R.[J/1] [235]
and R, [¢(25)] [236] (see Sect. 3.2.2 and Table 25). One
could, in principle, extract ag in the same way as for
T(1S) above. However, the relativistic and octet correc-
tions are more severe than for the Y(1S5), so terms of

6 A theoretical description of the photon spectrum is needed to
extrapolate to the experimentally inaccessible, low-energy part
of the spectrum.



higher order than v? may not be small enough to ignore.
The effects due to the proximity of ¢(25) to open-charm
threshold are difficult to estimate [237].

as from bottomonium hyperfine splitting
The observation of 7,(1S) by BABAR [59, 61] and

CLEO [60] allows o to be extracted from the singlet-
triplet hyperfine mass splitting,

Amg[np(15)] = m[T(15)] — m[n(1S)].  (26)

The theoretical expression used for the hyperfine split-
ting includes a perturbative component and a non-
perturbative one. The perturbative component is given
by the expression of [175], which includes order oy cor-
rections to the leading order (LO) term,

4 4
Amupg[ns(15)]Lo = % (27)
and resummation of the logarithmically-enhanced cor-
rections up to the subleading logarithms (which are of
the form af In" "' a,). The non-perturbative part is
parametrized in terms of the dimension-four gluon con-
densate, which is fixed according to [238].

Using the average experimental value in Table 7 and

Eq. (5) the resulting value of ay is [239]
ag(mzo) = 0.125 +0.001 + 0.001 £ 0.001,  (28)

where the first error is experimental, the second is asso-
ciated with the gluon condensate and the third accounts
for the b-quark mass uncertainty. This ays value is slightly
more than 3¢ higher than the updated HPQCD [227] lat-
tice result in Eq. (20).

2.8.2. Determinations of my and me.

Below we review recent extractions of the heavy
quark masses related to observables in heavy quarkonium
physics.

Sum rules

o Moments

The determination of the heavy quark masses from a
sum-rule analysis requires theoretical predictions for the
n*" moments of the cross section for heavy-quark produc-
tion in et e~ collisions. The theoretical expression for the
moments is related to derivatives of the vacuum polar-
ization function at ¢> = 0. Four-loop [O(as?)] results
for the vacuum polarization function have appeared for
the first moment [240-242], second moment [243], third
moment [244], and approximate results for higher mo-
ments [245, 246]. All those four-loop results are used in
the most recent low-momentum sum-rule determinations
of the heavy-quark masses reported below.

o Low-n sum rules

38

The most recent determination [247, 248] of the ¢- and
b-quark masses using low-momentum sum rules incorpo-
rates four-loop results for the derivatives of the vacuum
polarization function along with the most recent experi-
mental data. The results are [248]

mMS(3 GeV) = 0.986 + 0.013 GeV, (29)
mMS(mMS) = 1.279 +0.013 GeV, (30)

C C
and

mMS(10 GeV)

™S (m)1)

3.610 £0.016 GeV,  (31)
= 4.163+£0.016 GeV.  (32)

For a critical discussion of the error attached to these
determinations and a new (preliminary) mass determina-
tion using low-momentum sum rules see [249].

e Large-n sum rules

A determination of the b-quark mass using nonrela-
tivistic (large-n) sum rules, including resummation of
logarithms, has been performed [250]. It incorporates
next-to-next-to leading order results along with the com-
plete next-to-leading logarithm resummation (and partial
next-to-next-to-leading logarithm resummation). Includ-
ing logarithm resummation improves the reliability of the
theoretical computation. The value of the MS mass is
[250]

myS (mMS) = 4.19 4 0.06 GeV. (33)

The c-quark mass has also been determined from a non-
relativistic sum-rules analysis [251], with the result

mMS (mM®) = 1.25 4 0.04 GeV. (34)

e Alternative approaches

A determination of the ¢- and b-quark masses which
uses moments at ¢?> # 0 and includes the dimension-six
gluon condensate (also determined from the sum rules)
has been reported [252]:

mS (m1S)
M

1.260 4 0.018 GeV, (35)
mMS(mMS) = 4.220 +0.017 GeV, (36)

which employ an estimate of the four-loop contribution
to the ¢ # 0 moments.

Quark masses from the lattice

A determination of the b-quark mass in full (un-
quenched) lattice QCD using one-loop matching to con-
tinuum QCD, finds [211]

mMS(mMS) = 4.4+ 0.3 GeV . (37)

The c-quark mass was calculated by comparing lattice
determinations of moments of heavy-quark correlators to



four-loop continuum perturbation theory [227, 228]. A
b-quark mass calculation is also included in [227]. Due
to the use of continuum, rather than lattice, perturba-
tion theory, a higher-order perturbative calculation can
be used, achieving very precise results [227]:

mYS(3 GeV) = 0.986 + 0.006 GeV, (38)
mMS(mMS) = 1.273 £0.006 GeV , (39)

and
3.617 + 0.025 GeV, (40)

= 4.164+0.023 GeV.  (41)

mMS(10 GeV)

2.8.3. my determination

Determination of the top-quark mass m; at a future
ete™ linear collider from a #f line-shape measurement
(see Sect. 6.13) requires good theoretical knowledge of the
total tt production cross section in the threshold region.
The threshold regime is characterized by ag ~ v. The
N*LO result includes corrections of order as"v™ with
n +m = k. The N2LO result has been known for some
time now. Several contributions to the N3LO result have
been calculated. Those include corrections to the Green
functions and wave function at the origin [166, 167, 253~
255]; matching coefficients of the effective theory cur-
rents [256, 257]; electroweak effects in NRQCD [258, 259];
and corrections to the static potential (see Sect. 2.5.3).

Renormalization-group-improved expressions, which
sum terms of the type aglnv, are also necessary to re-
duce the normalization uncertainties of the cross section
and improve the reliability of the calculation. Those
resummations, which were originally only done in the
framework of velocity NRQCD, have now been calcu-
lated within pNRQCD [260]. The terms at next-to-next-
to-leading logarithmic accuracy are not yet completely
known [261]. Consistent inclusion of all effects related
to the instability of the top quark is needed. Some
recent progress in this direction has been made [262—
264]. Tt is expected that a linear collider will provide
an m; determination with uncertainties at the level of
100 MeV (see Sect. 6.13). For comparison, the Tevatron
Electroweak Working Group has reported a best-current
value of my = 173.1 + 1.3 GeV [265].

At the LHC, top quarks will be produced copiously.
It has been pointed out [266] that in the threshold re-
gion of tt production at LHC, a significant amount of
the (remnant of) color-singlet ¢# resonance states will
be produced, unlike at the Tevatron where the color-
octet tt states dominate. In fact, there appears the 1.5
peak in the ¢f invariant mass distribution below ¢ thresh-
old, even after including the effects of initial-state radi-
ation and parton-distribution function, and the position
of this 15 peak is almost the same as that in eTe™ col-
lisions [267, 268]. Namely, theoretically there is a possi-
bility of extracting the top quark mass with high accu-
racy from this peak position, although experimentally it

39

is quite challenging to reconstruct the t¢ invariant mass
with high accuracy.

Recently, a theoretical framework to compute the fully-
differential cross sections for top quark production and
its subsequent decays at hadron colliders has been de-
veloped, incorporating the bound-state effects which are
important in the ¢# threshold region [269]. A Monte
Carlo event generator for LHC has been developed and
various kinematical distributions of the decay products
of top quarks have been computed. In particular, it
was found that a bound-state effect deforms the (bW ™)-
(bW ™) double-invariant-mass distribution in a correlated
manner, which can be important in the top event recon-
struction.

2.9. Exotic states and states near or above
threshold

For states away from threshold, it has been shown
that appropriate EFTs to describe the quarkonium spec-
trum can be constructed. In particular, in pNRQCD, the
relevant degrees of freedoms are clearly identified: the
leading order description coincides with the Schrodinger
equation, the potentials are the pNRQCD matching co-
efficients, and the energy levels are calculable in a well-
defined procedure. Close to threshold, the situation
changes drastically [270, 271]. As described earlier in
this section, the region close to and just above threshold
is presently the most interesting, with a wealth of newly
discovered states. Most new states do not fit potential-
model expectations. This is to be expected, as we have
seen that a potential model description of quarkonium
(strongly-coupled pPNRQCD) emerges only for binding
energies smaller than Aqgcp. Since the open heavy-flavor
threshold is at the scale Aqcp in HQET, a potential
model description of states above that threshold cannot
provide a reasonable approach. On the other hand, from
a QCD point of view, a plethora of new states are ex-
pected. NRQCD is still a good EFT for states close to
and just above threshold, at least when their binding en-
ergies remain much smaller than the heavy-flavor mass.
The heavy quarks move slowly in these states, and the
static limit should remain a good starting point.

Below we examine how things change close to thresh-
old and the new degrees of freedom that emerge. First,
Sect. 2.9.1 considers the case in which there are only
quarkonium and gluonic excitations. Away from thresh-
old, the gluonic excitations have been integrated out to
obtain strongly-coupled pNRQCD and the QCD non-
perturbative potentials are the pNRQCD matching co-
efficients. Close to threshold the gluonic excitations no
longer develop a gap with respect to quarkonium and
they have to be considered as dynamical degrees of free-
dom. Next, Sect. 2.9.2 considers the situation with dy-
namical ultrasoft light quarks and we discuss all the new
degrees of freedom that may be generated. No QCD
based theory description is yet possible in this situation,



apart from systems like the X (3872) that display univer-
sal characteristics and may be treated with EFTs meth-
ods. Models for the description of states close to thresh-
old just pick up some of the possible degrees of freedom
and attribute to them some phenomenological interac-
tion. These models will be described and their predic-
tions contrasted. Third, Sect. 2.9.6 will summarize the
predictions of sum rules, a method that allows calcula-
tion of the masses of the states once an assumption on
the operator content is made. Lastly, all the new uncon-
ventional states will be summarized along with possible
interpretations in Sect. 2.9.7.

2.9.1. Gluonic excitations

First, consider the case without light quarks. Here the
degrees of freedom are heavy quarkonium, hybrids and
glueballs. In the static limit, at and above the Agcp
threshold, a tower of hybrid static energies (i.e., of glu-
onic excitations) must be considered on top of the QQ
static singlet energy [272, 273]. The spectrum has been
thoroughly studied on the lattice [274]. At short dis-
tances, it is well described by the Coulomb potential in
the color-singlet or in the color-octet configurations. At
short distances, the spectrum of the hybrid static ener-
gies is described in the leading multipole expansion of
PNRQCD by the octet potential plus a mass scale, which
is called gluelump mass [140, 275]. At large distances
the energies rise linearly in r. The first hybrid excitation
plays the role of the open heavy-flavor threshold, which
does not exist in this case. If the Born-Oppenheimer ap-
proximation is viable, many states built on each of the
hybrid potentials are expected. Some of these states may
develop a width if decays to lower states with glueball
emission (such as hybrid—glueball + quarkonium) are
allowed. The states built on the static potential (ground
state) are the usual heavy quarkonium states.

Consider, for example, the Y (4260), for which many
interpretations have been proposed, including a charmo-
nium hybrid [276-278]. If the Y (4260) is interpreted as
a charmonium hybrid, one may rely on the heavy-quark
expansion and on lattice calculations to study its prop-
erties. Decays into D™*) D) should be suppressed since
they are forbidden at leading order in the heavy-quark ex-
pansion [277] (see also [279]). This is in agreement with
the upper limit on Y — DD reported by BABAR (see
Table 16). The quantum numbers of the Y (4260) are
consistent with those of a pseudoscalar 0=+ fluctuation
|#), belonging to the family of mv? fluctuations around
the gluonic excitation between a static quark and a static
antiquark, with quantum numbers 17—, also known as
Hua

V) = [I) @ |9) . (42)

It is suggestive that, according to lattice calcula-
tions [274], II, is the lowest gluonic excitation be-
tween a static quark and a static antiquark above the
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quark-antiquark color singlet. |¢) is a solution to the
Schrodinger equation with a potential that is the static
energy of II,,. Fitting the static energy of II,, at short
and intermediate distances, one finds

2
B, ro = constant + 0.11 -2 4 0.24 <T> ;o (43)
T To

as illustrated in Fig. 34. Solving the corresponding

Schrédinger equation,
my = (2 x 1.48 + 0.87 + 0.53) GeV = 4.36 GeV, (44)

where 1.48 GeV is the charm mass in the RS scheme [280]
and 0.87 GeV is the II, gluelump mass in the same
scheme [275].

2.9.2.  Spectrum with light quarks

Once light fermions have been incorporated into the
spectrum, new gauge-invariant states appear beside the
heavy quarkonia, hybrids, and glueballs. On the one
hand, we have the states with no heavy quark content.
Due to chiral symmetry, there is a mass gap, of O(A,),
between the Goldstone bosons, which are massless in the
chiral limit, and the rest of the spectrum. The Goldstone
bosons are considered as ultrasoft degrees of freedom and
A, ~ Aqcp, so that away from threshold the rest of
the spectrum should be integrated out. Besides these,
there are also bound states made of one heavy quark and
light quarks, i.e., the Q¢ — Qg system. The energy of
this system is, according to the HQET counting rules,
mg, + mqQz = 2m + 2A. Therefore, since the heavy-

light binding energy A ~ Aqcp, away from threshold
these states have to be integrated out. Close to thresh-
old the situation is different. In this case, there is no mass
gap between the heavy quarkonium and the creation of
a Qq — Qg pair. Thus, for study of heavy quarkonium
near threshold, these degrees of freedom must be included
in the spectrum, even if the mixing between the heavy
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FIG. 34: The hybrid static potential II,, at short and interme-
diate distances, 1o = 0.5 fm. The solid circles are the lattice
data[274] and the smooth curve traces out Eq. (43)



quarkonium and the Qq — Q7 is expected to be small,
being suppressed in the large Nc counting. Summariz-
ing, light fermions contribute within this picture in three
ways:

e Hard light fermions, which are encoded into the
matching coefficients of the NRQCD Lagrangian
and obtained from the computation of perturbative
Feynman diagrams at the scale m.

e Soft light fermions, a term that denotes, in a
generic way, all the fermions that are incorporated
in the potentials. It is expected that their main
effects can be simulated by a variation of the value
of the parameters in the potentials. They can be
evaluated nonperturbatively via unquenched lattice
calculation of the potentials.

e Ultrasoft light fermions, which are the ones that
will become pions and, since they are also ultrasoft
degrees of freedom, they should be incorporated in
the effective Lagrangian together with the heavy
quarkonium.

So the general picture is as follows: The inclusion of
light quarks does not remove any states predicted in the
no-light-quarks scenario, but the availability of decays
via pion emission does increase the width of each such
state in the spectrum. Moreover, in addition to the reg-
ular quarkonium states, new states built using the light-
quark quantum numbers may form. States made of two
heavy and light quarks include those built on pairs of
heavy-light mesons (DD, BB, ...), like hadronic molec-
ular states [33, 281]; molecular states composed of the
usual quarkonium states (built on the static potential);
and light hadrons (hadro-quarkonium [282] ); pairs of
heavy-light baryons [283]; tetraquark states [284]; and
likely many others. It would be particularly interesting
to have the spectrum of tetraquark potentials, or at least
their ground states, from lattice QCD, since a tetraquark
interpretation of some of the newly discovered states has
been advocated [285, 286] (see Sect. 2.9.4). If, again,
the Born-Oppenheimer approximation is a reasonable
approach, many states built on each of the tetraquark
potentials may be expected, many developing (large)
widths due to decays by emission of a pion (or other
light hadron).

How these different kinds of states “talk to each other”
is an important issue [287]. Results on crosstalk of the
static potential with a pair of heavy-light mesons on the
lattice have recently been reported (see Sect. 2.6). This
explains why, from the QCD point of view, so many states
of a new nature appear in this region of the spectrum.
However, a systematic QCD description of these states
has not yet been developed. For the time being, models
are developed in order to obtain more detailed informa-
tion on these systems. Exceptional cases, e.g., those
for which the state is extremely close to a threshold
(e.g., X(3872)), allow for an effective field theory treat-
ment [288] (see also Sect. 2.9.3).
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Results from some of the above-mentioned models fol-
low: There are differences among models involving four-
quark fields, two heavy and two light. Given four-quark
fields of the type, e.g., ccqq (where ¢ represents a generic
light quark), three quark-pair configurations are possi-
ble. All of them have been exploited in the literature.
However, the resulting models are not equivalent because
different dynamics are attributed to different configura-
tions. Due to the absence of further theoretical input
from QCD, many tetraquark studies rely on phenomeno-
logical models of the tetraquark interaction unless some
special hierarchy of dynamical scales may be further ex-
ploited on the top of the nonrelativistic and perturbative
expansions discussed so far. In [289, 290], it is assumed
that

X~ (e2) 521 (49)5=1 (45)

i.e., that the dominant Fock-space component of the
X (3872) contains a cc pair and a ¢g pair in a color-octet
configuration with spin 1. Calculations have been based
on a phenomenological interaction Hamiltonian. In [285],
it is assumed that

X ~ (cq)3y (@@= + (ca)b—o (€D)3=1 - (46)

Here the clustering of quark pairs in tightly-bound color-
triplet diquarks is not induced by a scale separation as
it would happen in baryons with two heavy quarks [151],
but is a dynamical assumption of the model. In [291-
294], it is assumed that

X~ (c)5=0 (40)5=1 + (cq)5=1 (42) 5=0
~ DOD*O—FD*ODO, (47)

i.e., that the dominant Fock-space component of the
X (3872) is a D° D*% and D*? DY molecule. Small short-
range components of the type

(c@) =1 (q@)5=1 =~ J/¢p (or w) (48)

are included as well. Predictions depend on the phe-
nomenological Hamiltonian, which typically contains
short-range (~ 1/Aqcp), potential-type interactions
among the quarks and long-range (~ 1/m.) one-pion ex-
change. In [288, 295-297], it is assumed not only that
the X (3872) is a D°D* and D°D*® molecule but also
that it is loosely bound, i.e., that the following hierarchy
of scales is realized:
2

m
Aqep > my > —
mpo

~ 10 MeV > Ey. (49)

Indeed, the binding energy, Ey, which may be estimated
from mx — (mp+o + mpo), is, as Table 13 shows, very
close to zero, i.e., much smaller than the natural scale
m2 /mp,. Systems with a short-range interaction and a
long scattering length have universal properties that may
be exploited: in particular, production and decay ampli-
tudes factorize into short-range and long-range compo-
nent, where the latter depends only on a single parame-
ter, the scattering length (see Sect. 2.9.3).



2.9.8. Molecular states

Loosely bound hadronic molecules

The X (3872) resonance (see Sect. 2.3.1) cannot be eas-
ily explained as a standard charmonium excitation [298].
The close proximity of its mass to D*9 DO threshold sug-
gested that it could be a good example of a hadronic
molecule with JP¢ = 1t+ quantum numbers. A D*0D0
molecule would be characterized by an extremely small
binding energy, as small as Ey, ~ 0.1 MeV. Indeed, the
B — KX Belle production mechanism allows the for-
mation of a nearly-at-rest D*®D0 system which could be
very weakly bound. Several other bound states with sim-
ilar properties have also been discovered.

The threshold proximity of many of the new states
implies that, regardless of the binding mechanism, there
should be a significant component of a hadronic molecule
in the wave function of the state. The small binding
energy of this molecular component indicates that the
D*0D0 scattering length, a, is unnaturally large. This
leads to some simplifications in the description of the
properties of the molecule, as its binding energy, E,, and
wave function are in fact largely determined by a, a phe-
nomenon known as low-energy universality. In the limit
of a very shallow bound state, the scattering length is

4= (50)

where

m = mpo M p=o (51)
mpo + Mmp=o

is the reduced mass. Clearly, the scattering length a ~
10 fm is much larger than the natural length scale R for
a molecular state bound by pion exchange, R ~ 1/m, =
1.5 fm. There is a universal prediction for a wave function
of the S-wave molecular state,

1 e a
V2ma T

where r is the separation of the constituents in the
molecule’s rest frame, which is correct up to terms of
order R/a. A proper investigation of near-threshold
resonances is needed to address the appearance of this
new length scale, the possibility of distinguishing be-
tween an “elementary” particle (¢g, hybrid, or compact
tetraquark) and a composite state (hadronic molecule),
and how to estimate the admixture of the composite. It
was suggested by Weinberg [299-301] that the admix-
ture fraction can be determined model-independently for
such near-threshold bound states. In this scheme, the
admixture of a nonmolecular component is parametrized
in terms of a single parameter, 0 < 52 < 1, which mea-
sures the probability of finding the molecular component
in the physical wave function of the state of interest. For

V() mol = (52)
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¢ <1, Eq. (52) becomes
& ot
Vima T

Accordingly, the expression for the scattering length,
Eq. (50), is then

P(r)mol = (53)

262 1
a=——F5 —F——.
1 +€2 RV4 erEb

The expression acquires corrections of order R. A simul-
taneous measurement of both binding energy and scat-
tering length can extract the value of the parameter £,
and the nature of the state becomes an observable. When
this formalism [299-301] was applied to the deuteron, it
was shown that, indeed, the deuteron is a proton-neutron
molecule. The method just described can only be ap-
plied if the particles forming the molecule are in a rela-
tive S-wave and if the state studied is sufficiently close
to threshold, i.e., if & ~ +/2m,Fy, is the smallest mo-
mentum scale in the problem. The approach was gener-
alized [302-304] to include inelastic channels, as well as
an above-threshold resonance. It is stressed in [302, 303]
that the relevant quantity to be studied is the effective
coupling constant squared, or, equivalently, the residue
at the bound-state pole that parametrizes the coupling
strength of this state to the relevant continuum chan-
nel, which can be shown to be proportional to £2 with
a known factor of proportionality. Thus this coupling
constant, which is an observable, measures the amount
of molecular admixture in the sense defined in [299-301].
A related approach uses pole-counting [305], which stud-
ies the structure of the near-threshold singularities of the
scattering amplitude. It appears that the state is mostly
elementary if there are two nearby poles in the scattering
amplitude, whereas composite particle corresponds to a
single, near-threshold pole. While these methods provide
a diagnostic tool for identifying near-threshold molecu-
lar states, they do not provide information on the binding
mechanism. Some of these states might be interpreted as
hadrocharmonia, discussed in detail in Sect. 2.9.5.

The analysis sketched above has been applied to var-
ious states. Evidence supporting the identification of
Y (4660) as a 1(2S5)fp(980) [306] bound system has
been found. In addition, it has been proposed that
X (3872) [33, 281, 307, 308] is a D**DO bound system,
and that D4(2317) and D;(2460) [309-312] are bound
states of KD and K D*, respectively. One may use uni-
tarization schemes to investigate corresponding states not
located near thresholds; e.g., the Y (4260) was suggested
to be a J/¥fy(980) bound system [313], which would
make it a close relative of Y (4660).

(54)

Molecules and effective field theories

Effective field theory (EFT) techniques can be used to
study the dynamical properties of a threshold molecu-
lar state independent of any particular model. This is
possible due to the multitude of scales present in QCD.



The small binding energy suggests that this state can
play the role of the deuteron in meson-antimeson inter-
actions. Thus methods similar to those developed for the
deuteron may be employed, with the added benefit of
heavy-quark symmetry. A suitable effective Lagrangian
describing the X (3872) contains only heavy-meson de-
grees of freedom with interactions approximated by local
four-boson terms constrained only by the symmetries of
the theory. While the predictive power of this approach is
somewhat limited, several model-independent statements
can be made. For instance, existence of D*° D0 molecule
does not necessarily imply existence of D*°D*0 or D°D
molecular states [314]. First steps towards the develop-
ment of a systematic EFT for the X (3872) have been
taken [314-317].

Effective field theories can be used to study forma-
tion [318] and decays [319] of X (3872) and other molec-
ular states. In particular, it can be employed to study
lineshapes [121, 320]. Those studies reveal that the spec-
tral shape of the resonances located near thresholds is
the relevant observable. This is a direct consequence
of the importance of the effective coupling constant for
the nature of the state. In the case of the Y (4660),
the spectrum shows a visible deviation from a symmet-
ric distribution [306], which, in the molecular picture,
can be traced to the increasing phase space available for
the ©¥(25) fo(980) system. (Alternatively, the asymmetry
might originate from interference of the resonance signal
with that of the lower-lying Y (4360) [321] — see also
the discussion in Sect. 2.9.4.) Only the mass of the YV
and the overall normalization were left as free param-
eters in a fit to the experimental mass spectrum; the
width can be calculated from the effective coupling con-
stant under the assumption that the Y (4660) is indeed
a ¥(25)f0(980) bound system. This fit [306] gives a
mass of my = (466573) MeV. From this fit, the ef-
fective coupling constant was found to be in the range
11-14 GeV. This, in turn, allowed a prediction of the
width of I'y = (60 £ 30) MeV. The current quality of
data allows for additional decay channels, e.g., ATA;.
To double check that the analysis is sensible, a second
fit to the experimental mass spectrum is performed in
which the effective coupling is allowed to float in addi-
tion to my and the overall normalization. This second
fit calls for a coupling constant of 13 GeV. This result
is interpreted in [306] as strong evidence in favor of a
molecular interpretation for the Y (4660). Under this in-
terpretation, employing heavy-spin symmetry allows one
to predict a close relative, Y, to the Y (4660), namely a
bound state of 1.(25) and fy(980) [322]. The mass dif-
ference between this state and Y (4660) is predicted to
match that between 1(25) and 7.(2S) up to corrections
of order (Aqcp/me)?, which gives my, = 461612 MeV.
The width and spectral shape in the 7.(15)77 channel
are predicted to be equal to those of the Y (4660), re-
spectively. Further systematic studies are necessary to
put these conjectures on firmer ground. This model-
independent scheme has been extended to states with
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one unstable constituent [323]. Thus the method can
now be applied to many more states in the spectrum.
Measurements with higher statistics are needed to test
these predictions. For example, an improved spectral
shape measurement for Y (4660) could determine if the
large predicted coupling to ¥(2S5) fo(980) is present. An-
other test is a search for the decay BT — K1Y, which
has been estimated [322] to have a branching fraction
of ~ 1073, After accounting for the possibility of final
state interactions in this picture, it has also been pro-
posed [324] that the X (4630), which decays to AFA_,
could be the same state as the 1(25)f,(980) molecule
Y (4660), which could be tested with measurements of
Bt — KTAFA; decays.

X(3872) as a D*°DO molecule

Analyses of published X (3872) data in both the D*0 D0
and 7F7~J/1 channels have shed light on the nature
of the X. As for the Y(4660), the lineshape contains
the important information. One approach [325], using
then-existing data, concluded that the X (3872) is in-
deed generated by nonperturbative D*?D0 interactions,
which are not sufficiently strong to form a bound state,
but only to produce a virtual state very close to D*?D0
threshold. A different approach [320] stressed that, if
the X (3872) is a bound state, there will be a resonant
DYDO70 peak below the D*°DO threshold attributable
to the nonzero width of the D*?. This latter approach,
also using the initial lineshape measurements, identified
the X as a molecule, although a virtual state was not
excluded. Later, using the same formalism as [325] and
additional data that had become available, a fit to the
measured lineshape found [326] that a significant admix-
ture of a compact component inside the X wavefunction
is required. As discussed in Sect. 2.3.1 and illustrated
in Fig. 16, it was pointed out [122] that the experimen-
tal lineshapes for these D°D%7% events had been gener-
ated by constraining the measured particle momenta so
that the D79 (or D°7%) candidates would have the D*°
mass. If the X (3872) were a loosely bound molecule, such
an analysis procedure would cause the resonant invari-
ant mass peak of D°D%70 that is actually below D*°DO
threshold to erroneously appear above the threshold and
broadened. Taking this effect into account, the analy-
sis [122] found the data to be consistent with the identi-
fication of the X (3872) as a bound state with mass be-
low D*0DO threshold. If future measurements have more
statistics in all relevant decay modes of X (3872) and/or
improve upon measured mass resolutions, while simul-
taneously avoiding the kinematic constraint to the D*©
mass, more definitive statements on the molecular nature
of the X (3872) could be made.

Another avenue for studying the molecular nature of
X (3872) could become available at the LHC. In partic-
ular, an EFT description [327] of X (3872) scattering off
DO or D*° mesons has been developed, and proposed for
testing with either B, or BB decays with final-state in-
teractions.



Questioning the X (3872) molecular interpretation

The production cross section of X (3827) at the Teva-
tron is a potential discriminant for its molecular interpre-
tation. Neither CDF nor D@ have reported such a mea-
surement because it is not a trivial one. However, based
on published and unpublished-but-public CDF docu-
ments, the product of the cross section of X(3872) and its
branching fraction into 77~ .J /1 can be estimated. The
inclusive, prompt’ production rate of X — wt7~J/¢
relative to 1(2S) — 77~ J/9, both with J/¢ — utu~,
for the same transverse momentum (pr) and rapidity (y)
restrictions, assuming equal selection efficiencies, is esti-
mated to be [328]

o(pp — X + any )prompt X B(X = 7w¥a~J/¢)
o(pp — ¥(25) + any)prompt
= (4.7+0.8)%. (55)

This value is used in conjunction with a CDF [329] mea-
surement of the absolute cross section for inclusive ¢ (2.5)
production as a function of pr for central rapidity to ob-
tain [328]

U(pﬁ - X + an3’)prompt X B(X — 7T+7T_J/¢)
=(3.14+0.7) nb
for pr > 5 GeV/c and |y| < 0.6, (56)

assuming X and ¥(2S) have the same rapidity distri-
bution. Since the unknown branching fraction satisfies
B(X — ntx~J/¢) < 1, Eq. (56) also provides a lower
limit on the prompt X production cross section for the
transverse momentum and rapidity restrictions given.

The large magnitude of the prompt production cross
sections measured in pp collisions at the Tevatron came
as a surprise to many. The original Monte Carlo (MC)
studies, based in part on the generators HERWIG [330]
and PYTHIA [331], suggested that formation of loosely
bound D*Y DO molecules in this environment fall far short
of the observed rates. Further theoretical work coupled
with MC studies [328] reinforced this viewpoint, which
was then challenged by an independent examination [332]
of the issues involved. Both approaches allow forma-
tion of a molecule if its constituents, after their initial
production by the underlying generator, have relative
momentum up to a value kn.x. The two approaches
differ markedly in the values of kp.x that are permit-
ted. In [328], kmax is chosen to be comparable to the
binding momentum ky, = +/2m, Ey,, whereas [332] argues
that a value larger by an order of magnitude, and corre-
spondingly even larger prompt production cross section,
is more appropriate due to constituent rescattering ef-
fects.

7 The adjective prompt refers to X particles that are produced by
QCD interactions and not by the weak decays of b-hadrons.
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Further justification for the choices in [332] was given
in [333], in which deuteron production is taken as a case
study to judge the efficacy of the arguments. In addi-
tion, it allowed tuning of the underlying generator for
production of the molecule constituents in the required
pairs. It is argued that the prescription in [328] for
the value of kpax used in MC generation, as applied
to deuterons, is flawed for both fundamental and em-
pirical reasons. Fundamentally, a loosely bound S-wave
molecule does not satisfy the minimum uncertainty prin-
ciple, ArAk ~ 1. Instead, it maximizes the uncertainty,
satisfying ArAk > 1 with Ar ~ kkjl and Ak > ky. Em-
pirically, the MC technique in [328] underpredicts the
CLEO [334] measurements of antideuterons in T(15) de-
cays (see Sect. 3.4.5).

A rebuttal to [333] has been made [335]. It argues that
the deuteron and X (3872) are not comparable. First,
the discrepancy obtained between data and MC using a
small kpnax (based mostly on the uncertainty principle,
which limits the reasonable variations of k, and therefore
kmax, to be of order ky,, not an order of magnitude larger)
is modest for the deuteron (factors of 2-3) compared to
the X (3872) (factor of ~ 300). Moreover, MC studies
with PYTHIA have found considerably better agreement,
within a factor of 2-3, between the estimated and ob-
served cross sections of the deuteron. Discrepancies of
this size in eTe™ collisions at LEP were considered rea-
sonably close to the measurements and do not justify re-
jecting the MC altogether [336]. Finally, contends [335],
the deuteron is a system qualitatively different from a
D*%D0 molecule because the DY is spinless and cannot
participate in spin interactions. Conversely, spin inter-
actions play an important role in the determination of
the deuteron binding: the spin-singlet deuteron and its
isospin partner, the dineutron, are not bound.

Much of the motivation for the X (3872) molecular in-
terpretation, which assumes S-wave binding, no longer
applies if its quantum numbers are found to be 27T, as
preferred by a recent BABAR [93] analysis. A D*0D0 2=+
state would require a relative P-wave. It is unlikely [335],
that m-exchange could bind such a state, given that, even
in an S-wave configuration, it is not clear that the at-
traction is sufficiently strong. Even if such a state ex-
ists, there remains the further problem that unless spin-
dependent forces prevent the binding, one should ex-
pect partner states with 0~F and (JP%-exotic) 17, for
which there is no experimental evidence. A P-wave 2~+
molecule would also imply the existence of an extremely
narrow, more deeply bound S-wave 1*+ molecule. Al-
ternatively, forming a 27+ S-wave bound state would
require a different molecule type such as Dy D or D1 D*,
which would require not only an immense binding en-
ergy of some 500 MeV, but also loss of the appealing
connection between the mass of the X (3872) and D*°D°
threshold.

On the basis of a study by Cho and Wise [337], it is dif-
ficult to reconcile the observed X (3872) prompt produc-
tion cross section with the expectations for 11D, stan-



dard charmonium. The integrated prompt cross section
found using the Cho and Wise gluon fragmentation func-
tion in a 11D state is

o(pp — 11Dy + all) = 0.6 nb, (57)

some 50 and 120 times smaller than the estimated ex-
perimental cross section [335]. As for the mass of the
11Dy charmonium, there are a number of studies avail-
able in the literature [335]. A hadron-string calculation,
with results that agree very well with previous deter-
minations of charmonium and bottomonium levels, is
also proposed in [335]. Most of these calculations in-
dicate that the X (3872) has the most difficulty match-
ing quarkonium levels. In this model, while all char-
monium and bottomonium levels agree with data within
~ 10 MeV (excluding the 13Dy, which departs from the
experimental mass by 40 MeV), the predicted 1! D,, the
would-be X (3872), falls short of the measured value by
80 MeV. The mass mismatch and production cross sec-
tion jeopardize a 2~ charmonium interpretation of the
X (3872). Clarification of the X (3872) decay modes and
relative branching fractions would help disentangle the
possible explanations. The prominent radiative decay
mode for a D-wave charmonium X (3872) is expected to
be X (3872) — h.y — J/¢my while the 7.(1S)77 chan-
nel should have the highest rate among hadronic modes.

The reader is also directed to Sects. 2.9.4 and 4.2.2 for
more information on the X (3872).

2.9.4. Tetraquark states

The nonstandard decay patterns of X (3872) suggested
other theoretical interpretations as well. Could the
X (3872) be a pointlike hadron resulting from the binding
of a diquark and an antidiquark? This idea was discussed
in Maiani et al. [285], following one interpretation of pen-
taquark baryons (antidiquark-antidiquark-quark states)
proposed by Jaffe and Wilczek [338] and the recent dis-
cussion of light scalar mesons in terms of tetraquarks by
't Hooft et al. [339, 340] (see also the review [341] and ref-
erences therein). Some considerations by 't Hooft on an
open-string description of baryons [342] were also sources
of inspiration.

Diquarks

A spin-zero diquark operator in the attractive anti-
triplet color (greek subscripts «, 8, ) channel, antisym-
metric in flavor (latin subscripts i, j, k) can be written
as:

[9q)ia = €ijk €apy @F V50 (58)

where the subscript ¢ denotes charge conjugation. The
Fermi statistics of light quarks is respected in Eq. (58).
Spin-one diquarks (the so called ‘bad’ ones) can be con-
ceived but they are believed to have a smaller bind-
ing energy with respect to spin-zero candidates (see,
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e.g., [343]). A ‘bad’ diquark (spin-one) operator can be
written as:

[qa)" = €apy (@7 7 + @y q7)  (59)

which is a 6 in flavor space (and has three spin compo-
nents) as required by Fermi statistics (r = 1,2,3). Both
represent positive parity states, 07 and 1%, respectively.
Similarly one can construct 0~ and 1~ operators, §.q
and ¢.v"vsq. The latter are identically zero in the ‘single
mode configuration’ quarks that are unexcited with re-
spect to one another. In fact, the most solid tetraquark
candidates are scalar mesons made up of ‘good’ diquarks.
The spin-zero light diquarks are very effective at reduc-
ing the number of expected four-quark states. A qqgq
multiplet should contain 81= 3 ® 3 ® 3 ® 3 particles for
three quark flavors. But if the diquark degrees of freedom
are the relevant ones, the number of states is reduced to
9= 3 ® 3 for a diquark that behaves as an antiquark and
an antidiquark as a quark (see Eq. (58)). In the case of
light scalar mesons this represents a way of encrypting
the exoticity (we would have 9 light scalar mesons even
if their structure were ¢g [339, 340]). Spin-one diquarks
of Eq. (59) would enlarge the flavor structure as they are
6 operators.

Tetraquarks

The tetraquark model provides fertile ground for inves-
tigations of heavy-flavored states. One of the features of
the diquark-antidiquark model proposed in [285], which
could also be considered a drawback, is the prolifera-
tion of predicted states. Another is the paucity of in-
sight from selection rules that could explain why many
of these states are not observed (for a recent account,
see, e.g., [344]). Tt is quite possible that those states are
waiting to be discovered.

A tetraquark in the diquark-antidiquark incarnation
is a state like [gqi[qq]’®, if spin-zero diquarks are con-
cerned, as is the case for the tetraquark interpretation of
light scalar mesons. To use a notation making flavor ex-
plicit one can write [¢1¢2][g3G4]. There is no real distinc-
tion between ‘good’ and ‘bad’ diquarks once one of the
quarks in the bound state is heavy: spin-spin interactions
between quarks are 1/m suppressed and m — oo with
respect to the light quark mass scale. In other words,
one can expect that tetraquarks like [cg][¢g’] have the
same chances to be formed by spin-one or spin-zero di-
quarks. Moreover, the considerations of Fermi statistics
made above are no longer valid here. This enlarges the
spectrum of predicted states.

There is also the question discussed in Sect. 2.9.3 of
whether an X (3872) tetraquark state can better match
observed cross sections at the Tevatron. If only spin-zero
diquarks were allowed, a J©'¢ = 1+ X (3872) could not
be described as a tetraquark. For a 27+ X(3872), how-
ever, the tetraquark interpretation is still viable. Known
problems with the proliferation of states are shifted to
lower mass scales [335].



The [cg][éq’] states should also appear in charged com-
binations. Although there is unconfirmed evidence of
a Z(4430)~ state (see Sect. 2.3.4) decaying into char-
monium plus charged pion, there is yet no evidence of
charged, almost degenerate partners, of the X(3872).
Another example of a possible tetraquark meson is the
Y (4260), a 17~ resonance decaying into wwJ/¢, as
described in Sect. 2.3.2. The dipion mass distribu-
tion is consistent with there being a substantial f,(980)
component in the Y (4260) decay, suggesting an exotic
tetraquark structure [cs][¢s]. The tetraquark model sug-
gests a Y (4260) — D D, decay mode [345], a mode for
which the experimental upper limit at 90% CL on branch-
ing fraction, < 1.3 relative to 777~ J/¢ (see Table 16),
is not a particularly stringent one.

As stated above, the main drawback of the tetraquark
model is the proliferation of predicted particles. For ex-
ample, using a naive constituent diquark model, in the
hidden-strange and hidden-charm sector one can predict
a quite complex pattern of states [344]. But since no
such states near thresholds, such as ¢ J/v or fo(980) J/,
are predicted, this model cannot account for the uncon-
firmed evidence (3.8¢ significance) for a new resonance,
Y (4140), decaying to ¢ J/¢ near threshold, as reported
by CDF [106] (see Table 9 and Sect. 2.3.3). The naive
constituent diquark model [344] does predict, however, a
0~ state decaying to ¢ .J/v at about 4277 MeV. The
measured ¢ J/1¢ mass spectrum reported by CDF [106]
does show an intriguing enhancement near this mass, but
the statistical significance reported by CDF for this struc-
ture, < 30, leaves the possibility that it is an artifact or
a fluctuation. If this peak becomes more significant with
more data, it could bolster the constituent diquark ap-
proach.

Constituent quark models can only give rough esti-
mates of the expected mass values. In contrast, the most
striking prediction of the model are particles decaying to
charmonia plus charged pions or p-mesons. One or more
of the unconfirmed Z(4430)", Z1(4050)~, and Z(4250)~
(see Table 9 and Sect. 2.3.4) could be examples of such
particles. If any of these were confirmed by CDF (or by
LHC experiments), there would be a much stronger ar-
gument in favor of the tetraquark model than any mass
spectrum determination of neutral candidates.

Baryonia

Assuming an open-string hadron picture of diquark-
antidiquark tetraquarks, compelling evidence for their
existence should be found in experimental searches for
narrow structures coupled preferentially to a baryon and
an antibaryon. It has been proposed [321] that there
is compelling experimental evidence for a single vector
baryonium candidate, Y, that explains two unconfirmed
states reported by Belle [25, 114]. These states, the
X (4630), observed in the decay to AFA_, and Y (4660),
which decays to 7 ~1)(2S5) (see Table 9 and Sect. 2.3.2),
have reported masses that differ by only two standard de-
viations and compatible widths. They can also be fit well
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by a single resonance [321]

m(Yp) = 4661 +9 MeV,
= 63423 MeV. (60)

The mass of the Yp is significantly above the decay
threshold and a straightforward four-quark interpreta-
tion explains its decay modes. The ratio of branching
ratios found,

B(Yp = ATA7)
B(Yg — ¢(2S)rtn—)

—25+7, (61)

highlights a strong affinity of Yp to the baryon-
antibaryon decay mode. The phase space involved in
the decays in Eq. (61) are rather similar because the
7T~ pair results from an fy(980) decay (see Fig. 21
in Sect. 2.3.2). As the f(980) can be identified as a
diquark-antidiquark particle (see 't Hooft et al. [339,
340]), the Yp can also be interpreted [321] as such an
exotic state. A [cd][éd] assignment for Yp naturally ex-
plains [321] the ratio found in Eq. (61); in the baryon-
antibaryon mode, a string of two heavy quarks with an-
gular momentum excitation ¢ # 0 would break:

[qq) vowsss™(qq) — [qq) w8885 g + G oSS qq) - (62)

While baryonic decays of tetraquarks should be the most
favorable according to the string-color picture, but these
are typically phase-space forbidden.

The Y (4360) (see Sect. 2.3.2) could be the radial
ground state (1P) of the Yp(4660) (2P).  These
two states both decay into wtmw~1(2S) rather than
7t r~J/1, a puzzling characteristic that awaits expla-
nation [321]. An alternative molecular interpretation of
the Y (4660) can be found in [306].

The Y (2175), observed by BABAR [346], BES [347], and
Belle [348], is another interesting baryonium-like candi-
date, albeit in the light-quark sector. Assuming that
Y (2175) is a four-quark meson [349], it should prefer-
entially decay into AA. Because the AA threshold is
~ 2231 MeV, this decay proceeds through the high-mass
tail of the Y (2175). The BABAR data are consistent with
this hypothesis [349].

What about doubly charged particles? A diquark-
antidiquark open-charm [cu][d5] composition, denoted
here by ATt could exist [350] and decay, e.g., into
DT K. It is very unlikely that a loosely bound molecule
of this kind could be produced. There has not been a
search for a doubly charged particle like AT+ close to
the DT K+ mass. Theory is still not able to reliably pre-
dict the A™T rate within the tetraquark model.

Counting quarks in heavy-ion collisions

Heavy-ion collisions also provide a means for defini-
tively determining the quark nature of, e.g., the X (3872).
The nuclear modification ratios Raa and Rep (see
Sect. 5.5 and Egs. (184) and (185), respectively) of the
X (3872) and its anisotropy coefficient, vs (see Sect. 5.5),



TABLE 18: For significant tetraquark candidates, their spin-
parity (JT¢), decay modes, and quark content

JPC

4q candidate Decay Modes ([qq] [3q) )na
Yp(4660) 177 ATAZ, wwp(2S)  ([ed][ed] )2p
Z(4430)" 17~ 7t (28) ([cu] [ed] )2s
Y (4260) 177 wrJ/y, DID; (7)) ([cs][ed])ip
X(3872) 1t "0/, wI/v, DDr o ([eu] [6a) )1s

which can be measured by ALICE, could be useful tools
in this task. In the recombination picture, the X (3872)
is expected to be produced with rates similar to charm
mesons and baryons. Thus the soft part of the spectrum,
where recombination is more effective, can be highly pop-
ulated with X’s. On the other hand, the fragmentation
functions of a tetraquark-X are different from those of
a D*9DY molecule since the D fragmentation functions
are the standard ones. This effect could be studied in a
manner similar to those described for light scalar mesons
in [351].

To summarize, we refer to Table 18, which lists the
most significant tetraquark candidates. The Yp and
7(4430)" are the most likely. Experimental study of
the Y (4260) — D} D; decay, responsible for most of
the width in the tetraquark model, would be an impor-
tant discriminant to assess its nature. More work on
the tetraquark picture has been done recently by Ali et
al. [352, 353] and Ebert et al. [354].

2.9.5. Hadrocharmonium

The decay pattern for six of the new states
(Y'(4260), Y'(4360), Y (4660), Z1(4050)~, Z5(4250)~, and
Z(4430)%) could be interpreted [355] as an indication
of an intact charmonium state within a more complex
hadronic structure. These states have only been observed
decaying to a single preferred charmonium state accom-
panied by one or more light mesons (see Table 9). Decays
into a different, apparently nonpreferred, charmonium
resonance with the same quantum numbers (e.g., J/1 in-
stead of 1(25) for Y (4660)) or open-charm hadrons have
not been observed. In some cases there are meaningful
experimental upper bounds on such decays, as shown in
Table 16. One explanation [355] is that each such state
consists of its preferred charmonium embedded in a shell
of light-quark and gluon matter, i.e., a compact charmo-
nium is bound inside a spatially large region of excited
light matter. The observed decays can then be viewed
as the de-excitation of the light hadronic matter into
light mesons and liberation of the compact charmonium.
This structure is referred to as hadrocharmonium [355],
or more generally, hadroquarkonium.

The picture of a hadroquarkonium mesonic resonance
is quite similar to the much-discussed nuclear-bound
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quarkonium. The primary difference is that, instead
of a nucleus, an excited mesonic resonance provides the
large spatial configuration of light-quark matter. For the
quarkonium to remain intact inside hadroquarkonium,
the binding has to be relatively weak. In complete anal-
ogy with the treatment of charmonium binding in nuclei
(in terms of the QCD multipole expansion) [356-359], the
interaction between a compact, colorless quarkonium and
the soft, light matter can be described [282] by an effec-
tive Hamiltonian proportional to the quarkonium chro-
mopolarizability «,

1 — —
Heff:_§aEa'Ea7 (63)

where E® is the operator of the chromoelectric field. The
chromopolarizability can be estimated from the transi-
tion (2S) — wrJ/y, giving [360] a('?) ~ 2 GeV~>.
The average of the gluonic operator over light hadron
matter (h) with mass my, can be found using the confor-
mal anomaly relation in QCD:

1 -5 = 82
(15 B B Ry > S0, (64)

which provides an estimate of the strength of the
van der Waals-type quarkonium-light hadrons interac-
tion. The likelihood of binding charmonium in light
hadronic matter depends on the relation between the
mass my, and the spatial extent of h [282]. In a partic-
ular model [361, 362] of mesonic resonances based on an
AdS/QCD correspondence, it can be proven [363] that
a heavy quarkonium does form a bound state inside a
sufficiently excited light-quark resonance. The decay of
such a bound state into open heavy-flavor hadrons is sup-
pressed in the heavy-quark limit as exp(—+/Aqcp/m),
where m is the heavy-quark mass. This is consistent
with the nonobservation of Y and Z decays into charm
meson pairs. However, it is not clear whether the charm
quark is heavy enough for the heavy-quark limit to be
applicable.

If the Y and Z resonances are hadrocharmonia, it is
expected [282] that:

e Bound states of J/¢ and (25) with light

nuclei and with baryonic resonances should
exist, e.g., baryocharmonium decaying into
pJ /¢ (+pions).

e Resonances containing x.; that decay into x.; +
pion(s) should also exist. The as-yet-unconfirmed
Z1(4050)~ and Z(4250)~ states reported by
Belle [105] are candidates (see Table 9 and
Sect. 2.3.4).

e Decays of hadrocharmonia candidates to mnon-
preferred charmonium states, e.g., Y (4260) —
7T~ (2S), or Y (4360) — wtn~J/+, should be
suppressed relative to preferred charmonia.



e Resonances containing excited bottomonia such as
T(3S), x»(2P), and/or Y(1D) should exist in the
mass range 11-11.5 GeV.

2.9.6. QCD sum rules

QCD sum rules (QCDSR) [238, 364-366] provide a
method to perform QCD calculations of hadron masses,
form factors and decay widths. The method is based on
identities between two- or three-point correlation func-
tions, which connect hadronic observables with QCD fun-
damental parameters, such as quark masses, the strong
coupling constant, and the quantities which character-
ize the QCD vacuum, i.e., the condensates. In these
identities (sum rules), the phenomenological side (which
contains information about hadrons) is related to the
QCD or OPE (operator product expansion) side, where
the information about the quark content is introduced.
Since the correlation functions are written in terms of
well-defined quark currents, the method is effective in
establishing the nature of the exotic states (molecule,
tetraquark, hybrid, etc.).

In principle, QCDSR allows first-principle calculations.
In practice, however, in order to extract the result, it is
necessary to make expansions, truncations, and other ap-
proximations that may reduce the power of the formalism
and introduce large errors. In addition, the convergence
of the method often critically depends upon the decay
channel.

Formalism

QCD sum rule calculations of hadron masses are based
on the correlator of two hadronic currents:

Ti(g) zi/d‘*xeiq'w<0|T[j<w>ﬂ<o>1|o>, (65)

where j(z) is a current with the appropriate quantum
numbers. The phenomenological and OPE correlation
functions must then be identified. The Borel transforma-
tion [238, 364-366], which converts the Euclidean four-
momentum squared, Q?, into the variable M? (where M
is the Borel mass), is applied to improve the overlap be-
tween the two sides of this identity. Working in Euclidean
space is necessary to avoid singularities in the propaga-
tors in Eq. (65). More precisely, it is necessary to be
in the deep Euclidean region, i.e., Q* = —¢*> > Aqcp.
The Borel transform is well-defined in this region and
a good OPE convergence is obtained, dominated by the
perturbative term.

After equating the two sides of the sum rule, assuming
quark-hadron duality [238, 364-366] and making a Borel
transform, the sum rule can be written as:

S0
e MM - / ds p°FE(s), (66)

min

where m is the mass of the particle, M is the Borel mass,
p is the spectral density obtained from the OPE side (tak-
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ing the imaginary part of the correlation function), s¢ is
the parameter which separates the pole (particle) from
the continuum (tower of excitations with the same quan-
tum numbers), and sy, is determined by kinematical
considerations. The parameter A\ represents the coupling
of the current to the hadron. Solving Eq. (66) for the
mass, a function which is approximately independent of
M should be obtained. In practice, the result depends on
the Borel mass and a value of M must be chosen within
a domain called the Borel window. In order to determine
the Borel window, the OPE convergence and the pole
contribution are examined: the minimum value of M is
fixed by considering the convergence of the OPE, while
the maximum value of M is determined by requiring that
the pole contribution be larger than the continuum con-
tribution. As pointed out in [367], it becomes more diffi-
cult for tetraquarks to simultaneously satisfy pole dom-
inance and OPE convergence criteria. Reasonably wide
Borel windows in which these two conditions are satisfied
can exist only for heavy systems. Increasing the number
of quark lines in a given system, the OPE convergence be-
comes gradually more problematic. For example, when
a change is made from a meson (two quark lines) to a
baryon (three quark lines), the perturbative term goes
from a single loop to a double loop, suppressed by a fac-
tor of 72 with respect to the single loop. At the same
time, higher-order quark condensates become possible,
while the nonperturbative corrections grow larger. As a
consequence, larger Borel masses must be used to obtain
convergence. However, at higher Borel masses the corre-
lation function is dominated by the continuum contribu-
tion. With more quark lines, it becomes difficult to find
a Borel window where both OPE convergence and pole
dominance are satisfied. When a heavy quark is present,
its mass provides a hard scale, which helps to make the
OPE convergent at lower Borel masses. In summary: the
calculations seem to indicate that it is more difficult to
keep a larger number of quarks together with small spa-
tial separation.

QCDSR and X (3872)

The X (3872) (see Sect. 2.3.1 and Tables 9, 10, 11, 12,
and 13) has quantum numbers J7¢ = 1++ or 27+, It de-
cays with equal strength into 7+ 7~ J /¢ and 7t~ 70T /1),
indicating strong isospin-violation, which is incompatible
with a cc¢ state. Its mass and the isospin-violation could
be understood in several four-quark approaches. How-
ever, this state has a decay width of less than 2.2 MeV,
which is sometimes difficult to accommodate. In order
to discuss four-quark configurations in more detail, a
distinction between a tetraquark and a molecule will be
made: the former is simply a combination of four quarks
with the correct quantum numbers, whereas the latter
is a combination of two meson-like color-neutral objects.
This separation can easily be made at the start of a calcu-
lation when the current is chosen. However, performing a
Fierz transformation on the currents will mix tetraquarks
with molecules. Having this ambiguity in mind, this no-



tation will be used to clearly refer to the employed cur-
rents. The treatment given below applies only for the
JPC = 1*+ assignment for X (3872).

A current can be constructed for the X based on di-
quarks in the color-triplet configuration with symmet-
ric spin distribution: [cq]s=1[¢q]s=o + [cq]s=0[¢q]s=1 (see
Eq. (46)). Therefore the corresponding lowest-dimension
interpolating operator for describing X, as a tetraquark
state is given by

{ €abc €dec

i = T[(QZC%%)(%%CQT)
+ (ga Cyuc) (qasCel )], (67)

where g denotes a u or d quark and c is the charm quark.
We can also construct a current describing X, as a molec-
ular D*9DO state:

. 1 1
J;(iq’ D(z) = 2

= (Qa(2) v ca(2) e(2) 15 g5(x)) .| (68)

(Ga() 5 cal®) & () Vi () )

The currents in Egs. (67) [368] and (68) [369] have both
been used. In each case it was possible to find a Borel
window where the pole contribution is bigger than the
continuum contribution and with a reasonable OPE con-
vergence. On the OPE side, the calculations were done
to leading order in ay including condensates up to di-
mension eight. The mass obtained in [368] considering
the allowed Borel window and the uncertainties in the
parameters was mx = (3.92 £ 0.13) GeV, compatible
with the measured value. For the current in Eq. (68),
the OPE convergence and pole contribution yield a sim-
ilar Borel window, resulting in a predicted mass [369] of
myx = (3.87 £0.07) GeV, also consistent with the mea-
sured value and more precise than that obtained with the
tetraquark current.

In principle, we might expect a large partial decay
width for the decay X — p°J/¢. The initial state al-
ready contains the four necessary quarks and no rules
prohibit the decay. Therefore this decay is allowed, sim-
ilar to the case of the light scalars ¢ and k studied in
[370], with widths of order 400 MeV. The decay width
is essentially determined by the X J/¥V (V = p, w)
coupling constant. The decay width was computed using
QCDSR [371] with gx j/4 v evaluated assuming that the
X (3872) is described by the tetraquark current, Eq. (67).
The QCDSR calculation for the vertex X (3872)J/¢V is
based on the evaluation of the three-point correlation
function, which is a straightforward extension of Eq. (65)
to the case of three currents representing the three par-
ticles in the decay. In [372] the current representing the
X was given by:

§X = cos 059 4 sin 95(44D | (69)
with ;5% given in Eq. (67). This mixing between

diquarks with different light flavors was first intro-
duced [285] to explain the decay properties of the
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X (3872). Using 0 ~ 20° it is possible to reproduce the
measured ratio r,, given in Table 12. With the same an-
gle, the X J/¢ w coupling constant was calculated with
QCDSR [371] and found to be gxy. = 13.8 £2.0. This
value is much bigger than the estimate of [285] and leads
to a large partial decay width of T'(X — J/¢ (n7)) =
(50 £ 15) MeV. A similar value was also obtained [372]
using a molecular current similar to Eq. (68). There-
fore it is not possible to explain the small width of the
X (3872) from a QCDSR calculation if the X is a pure
four-quark state. In [372], the X (3872) was treated as a
mixture of a ¢¢ current with a molecular current, similar
to the mixing considered in [373] to study the light scalar
mesons:

e (gmol (q,2
Ji(z) —s1najl(f D) + COSO(]E? )(x), (70)

with jqu’mon(m) given in Eq. (68) and
(@) [ca(@) Y ys calz) ] (T1)

1
i(0:2) () —
W) =5

The introduction of the quark condensate, (gq), ensures

that 7% () and j\2™" (2) have the same dimension.

It is not difficult to reproduce the experimental mass
of the X (3872) [368-370, 372]. This is also true for the
current in Eq. (70) for a wide range of mixing angles, a,
but, as observed in [372], it is not possible to match the
measured value of r,. In order to reproduce the ratio
r, given in Table 12, it is also necessary to consider a
mixture of DT D*~ and D~ D** components [285]. In
this case the current is given by

jif (z) = cos 0., (r) + sin HJ;f(x) , (72)

where JY(z) and J{(x) are given by Eq. (70). With this
particular combination one obtains:

+ =0 ; 2
NX — J/Yprata—xY) ~0.15 COSG—‘:—STDH (13)
X — J/Yprtn—) cosf —sinf

exactly the same relation [285, 371] that imposes 6 ~ 20°
in Eq. (69) and compatible with the measured value of
r, given in Table 12.

It was shown [372] that, with Eq. (72) and a mixing
angle o = (9£4)° in Eq. (70), it is possible to describe the
measured X (3872) mass with a decay width of I'(X —
J/Y (nm)) = (9.3 £6.9) MeV, which is compatible with
the experimental upper limit. The same mixing angle
was used to evaluate the ratio

(X = v J/¥)
NX = ata=J/y)’

(74)

T.ylE

obtaining r,; = 0.19 £ 0.13 [374], in excellent agree-
ment with the measured value given in Table 12. Hence
QCDSR calculations strongly suggest that the X (3872)
can be well described by a c¢ current with a small,
but fundamental, admixture of molecular (DD*) or



tetraquark [cq][cg] currents. In connection with the dis-
cussion in Sect. 2.9.3, a possible DI D*~ molecular state,
such an X state, was also considered. The X, mass ob-
tained, 3900 MeV, was practically degenerate with the
X (3872). Therefore QCDSR indicate a larger binding
energy for X, than for the X (3872), leading to a smaller
mass than predicted in [344].

It is straightforward to extend the analysis done for
the X (3872) to the case of the bottom quark. Using
the same interpolating field of Eq. (67) with the charm
quark replaced by the bottom quark, the analysis done
for X (3872) was repeated [368] for an analogous X},. Here
there is also a good Borel window. The prediction for the
mass of the state that couples to a tetraquark [bg][bg] with
JPC = 17+ current is my, = (10.27 + 0.23) GeV. The
central value is close to the mass of T(3S5) and appre-
ciably below the B* B threshold at about 10.6 GeV. For
comparison, the molecular model predicts a mass for X,
which is about 50-60 MeV below this threshold [33], while
a relativistic quark model without explicit (bb) clustering
predicts a value about 133 MeV below threshold [286].

Summarizing, in QCDSR it is possible to satisfacto-
rily explain all the X (3872) properties with a mixture
of a ~ 97% c¢ component and a ~ 3% meson molecule
component. This molecular component must be a mix-
ture of 88% D° D*Y and 12% D™ D*~ [372]. These con-

clusions hold only for the quantum number assignment
JPC — 1++

QCDSR and the Y states

The states Y (4260), Y (4360) and Y (4660) do not easily
fit in the predictions of the standard quark model. The
Y (4260) has a nt 7~ J /4 decay width of ~ 100 MeV, and
no isospin-violating decay such as Y — J/¢nta~ 7" has
been observed. With these features, the Y is likely to be
a meson molecule or a hybrid state. QCDSR calcula-
tions of the mass strongly suggest the D* Dy — D* Dy and
DD, — DD; as favorite molecular combinations, where
the symbols D, D*, Dy and D, represent the lowest-lying
pseudoscalar, vector, scalar, and axial-vector charm mes-
sons, respectively. From now on we shall omit the com-
binations arising from symmetrization and use the short
forms for these states, e.g., DoD.

The vector Y states can be described by molecular or
tetraquark currents, with or without an s§ pair. QCD
sum rule calculations have been performed [375, 376] us-
ing these currents. A possible interpolating operator rep-
resenting a JPY = 17~ tetraquark state with the sym-
metric spin distribution

[CS]S:() [55]5':1 + [68]5:1 [55]5:0 (75)
is given by:
Ju = L5 O ) (a5 O )
+ (53 Cosvucs) (5asCel )] (76)

This current has good OPE convergence and pole dom-
inance in a given Borel window. The result for the

a0

mass of the state described by the current in Eq. (76)
is my = (4.65+0.10) GeV [375], in excellent agreement
with the mass of the Y (4660) meson, lending credence
to the conclusion [375] that the Y (4660) meson can be
described with a diquark-antidiquark tetraquark current
with a spin configuration given by scalar and vector di-
quarks. The quark content of the current in Eq. (76))
is also consistent with the experimental dipion invari-
ant mass spectra, which give some indication that the
Y (4660) has a well-defined dipion intermediate state con-
sistent with f,(980).

Replacing the strange quarks in Eq. (76) by a generic
light quark ¢, the mass obtained for a 1=~ state described
with the symmetric spin distribution

[cq]s=o [€G]s=1 + [cq]s=1 [¢q]s=0 (77)

is my = (4.49 £0.11) GeV [375], which is slightly larger
than but consistent with the measured Y (4360) mass.

The Y mesons can also be described by molecular-type
currents. A Dy(2317)D?(2110) molecule with JZ¢ =
17~ could also decay into 1(25)7 ™7~ with a dipion mass
spectrum consistent with fo(980). A current with J7¢ =
17~ and a symmetric combination of scalar and vector
mesons is

= 5 LGareea) (2m) + (2 50) (500 . (79)
The mass obtained in [375] for this current is mp_ p. =
(4.42 + 0.10) GeV, which is in better agreement with
Y (4360) than Y (4660).

To consider a molecular DyD* current with JX¢ =
177, the strange quarks in Eq. (78) must be replaced
with a generic light quark ¢. The mass obtained with
such current is [375] mp p. = (4.27 £ 0.10) GeV, in
excellent agreement with the Y (4260) mass. In order
to associate this molecular state with Y (4260), a bet-
ter understanding of the dipion invariant mass spectra
in Y (4260) — wt7~J/¢ is needed. From the mea-
sured spectra, it seems that the Y (4260) is consistent
with a nonstrange molecular state DyD*. Using a Dy
mass of mp, = 2352 + 50 MeV, the DyD* threshold is
~ 4360 MeV, 100 MeV above the 4.27+0.10 GeV quoted
above, indicating the possibility of a bound state.

A JPY = 17~ molecular current can also be con-
structed with pseudoscalar and axial-vector mesons. A
molecular DD; current was used in [376]. The mass ob-
tained with this current is mpp, = (4.19 £0.22) GeV.
Thus, taking the mass uncertainty into account, the
molecular DD; assignment for the Y (4260) is also vi-
able, in agreement with a meson-exchange model [377].
The DD; threshold is ~4285 MeV, close to the Y (4260)
mass, indicating the possibility of a loosely bound molec-
ular state.

Summarizing, the Y states can be understood as char-
monium hybrids, tetraquark states, and a DgD* or
DD; molecular state for Y (4260). Also possible are a
tetraquark state with two axial [cs] P-wave diquarks, or
two scalar [cs] P-wave diquarks for Y (4360).



7(4430)F

A current describing the Z(4430)" as a D* Dy molecule
with JP = 0~ is [378]

j= [ ( davuca ) (" v5up )+

Sl

( da'Y;L’YE)Ca)(Eb’YMub)]' (79)

This current corresponds to a symmetric D** D} +
D*ODT state with positive G-parity, consistent with the
observed decay Z(4430)" — 7 (2S). The mass ob-
tained in a QCDSR calculation using such a current
is [378] mp+p, = (4.40£0.10) GeV, in an excellent agree-
ment with the measured mass.

To check if the Z(4430)" could also be described as
a diquark-antidiquark state with J = 0, the cur-
rent [379]

VA —
o = =S (i Coser) (daCel) -
(ug Cey)(darsCel)] (80
was used to obtain the mass mz,. = (4.52 +
0.09) GeV [379], somewhat larger than, but consis-
tent with, the experimental value. The result using a
molecular-type current is in slightly better agreement
with the experimental value. However, since there is
no one-to-one correspondence between the structure of
the current and the state, this result cannot be used
to conclude that the Z(4430)T is favored as a molec-
ular state over a diquark-antidiquark state. To get a
measure of the coupling between the state and the cur-
rent, the parameter A, defined in Eq. (66), is evaluated as
Ap*p, ~1.5 )‘Z(o—)' This suggests that a physical parti-
cle with J¥ = 0~ and quark content céud has a stronger
coupling to the molecular D* D;-type current than with
that of Eq. (80).
A diquark-antidiquark interpolating operator with
JP =17 and positive G-parity was also considered [379]:

1 €abc €dec 7 _
g o= (vl Cysen) (dayuys CEl)

V2
+ (ug Cysyuer) (days C el )] (81)

In this case the Borel stability obtained is worse than
for the Z+ with J = 0~ [379]. The mass obtained is
mz, ., = (4.84 £ 0.14) GeV, much larger than both the

measured value and that obtained using the J¥ = 0~
current. Thus, it is possible to describe the Z(4430)T as
a diquark-antidiquark or molecular state with J* = 0~,
and J¥ = 1~ configuration is disfavored.

It is straightforward to extend the D*D;-molecule
analysis to the bottom quark. Using the same interpo-
lating field of Eq. (79) but replacing the charm quark
with bottom, an investigation of the hypothetical Z; is
performed [378]. The OPE convergence is even better
than for Z(4430)*. The predicted mass is mz,., =
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TABLE 19: Summary of QCDSR results [381]. The labels
1, 3, and 3 refer to singlet, triplet and anti-triplet color con-
figurations, respectively. The symbols S, P, V, and A refer
to scalar, pseudoscalar, vector and axial-vector ¢g, qq or GG
combinations, respectively

State Configuration Mass (GeV)
X (3872) cqls [cdls (S + A) 3.92 +0.13
[C(ﬂl [Eq]l (P —+ V) 3.87 £ 0.07
el (4) +

[cq): [eql (P + V) 3.77+0.18

Y (4140) [cq]1 [eg]r (V + V) 4.13+0.11
[c5]1[es]t (V 4+ V) 4.14+0.09

Y (4260) [cq)1 [egl (S + V) 4.2740.10
[cq)i [eglr (P + A) 4.19+0.22

Y (4360) leqls [eqls (S + V) 4.49 £0.11
[c8]1[esi (S + V) 4.42 £0.10

Y (4660) [es]s [8]3 (S + V) 4.65+0.10
7(4430) ed)y [cu]s (V + A) 4.40 £ 0.10
[cu)s [&d]s (S + P) 4.52 4 0.09

(10.74 £ 0.12) GeV, in agreement with that of [380]. For
the analogous strange meson Z_, considered as a pseu-
doscalar D} D; molecule, the current is obtained by re-
placing the d quark in Eq. (79) with an s quark. The pre-
dicted mass is [378] mp+p, = (4.70 = 0.06) GeV, larger
than the D} D, threshold of ~ 4.5 GeV, indicating that
this state is probably very broad and therefore might be
difficult to observe.

Summarizing, the Z(4430)" has been successfully de-
scribed by both a D* D molecular current and a diquark-
antidiquark current with J© = 0~.

Table 19 summarizes the QCDSR results for the
masses and corresponding quark configurations of the
new states [381]. Masses obtained with QCDSR in the
molecular approach can be found in [382] (they agree
with those in Table 19 from [381] apart from small dis-
crepancies, which should be addressed). The principal
input parameters used to obtain the values in Table 19
are

me(me) = (1.23 £0.05) GeV,
(Gq) = —(0.23+0.03)% GeV?,
(G90.Gq) = m3(qq),
mé = 0.8 GeV?,
(?°G?) = 0.88 GeV*. (82)

Uncertainties in Table 19 come from several sources:
quark masses and «g are varied by their errors around
their central values in Eq. (82); the condensates are taken
from previous QCDSR analyses and their uncertainties
propagated; particle masses are extracted for a range of
Borel masses throughout the Borel window; and in the
case of mixing, the masses and widths are computed for



several values of the mixing angle centered on its optimal
value.

Some of the states discussed above can be understood
as both tetraquark and molecular structures. This free-
dom will be reduced once a comprehensive study of the
decay width is performed. At this point, it appears that
the only decay width calculated with QCDSR is in [372].
The next challenge for the QCDSR community is to un-
derstand the existing data on decays. Explaining these
decays will impose severe constraints in the present pic-
ture of the new states [372].

2.9.7. Theoretical explanations for new states

Table 20 lists the new states with their properties and
proposed theoretical explanations. The theoretical hy-
pothesis list is far from exhaustive.

2.10. Beyond the Standard Model

2.10.1. Mizing of a light CP-odd Higgs and ny(nS)

resonances

This section explores the possibility that the measured
M(1S) mass (Table 7 and Eq. (5)) is smaller than the
predictions (see Sects. 2.5.3, 2.6.2, 2.7, and 2.8.1) due to
mixing with a CP-odd Higgs scalar A, and predictions for
the spectrum of the 7,(nS)-A system and the branching
fractions into 777~ as functions of m 4 are made. Such
mixing can cause masses of the n,-like eigenstates of the
full mass matrix to differ considerably from their values
in pure QCD [389-391]. Thus the mass of the state in-
terpreted as the 7,(15) can be smaller than expected if
my is slightly above 9.4 GeV. The masses of the states
interpreted as n,(2S) and 7,(35) can also be affected.
Furthermore, all 7, (nS) states can acquire non-negligible
branching ratios into 77 7~ due to their mixing with A.

A relatively light, CP-odd Higgs scalar can appear,
e.g., in nonminimal supersymmetric extensions of the
Standard Model (SM) as the NMSSM (Next-to-Minimal
Supersymmetric Standard Model); see [392] and refer-
ences therein. Its mass must satisfy constraints from
LEP, where it could have been produced in eTe™ —
Z* — ZH and H — AA (where H is a CP-even
Higgs scalar). For ma > 10.5 GeV, where A would
decay dominantly into bb, and my < 110 GeV, cor-
responding LEP constraints are quite strong [393]. If
2m,; < my < 10.5 GeV, A would decay dominantly into
7T77 and values for mz down to ~ 86 GeV are allowed
[393] even if H couples to the Z boson with the strength
of a SM Higgs boson. A possible explanation of an excess
of bb events found at LEP [394, 395] provides additional
motivation for a CP-odd Higgs scalar with a mass below
10.5 GeV. However, a recent (but preliminary) analysis
from ALEPH has found no further evidence of such an
excess.
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The masses of all 4 physical states (denoted by 1,
i =1...4) as functions of m4 are shown together with
the uncertainty bands in Fig. 35 [396]. By construction,
My, = Mobs[My(15)] is constrained to the measured value.
For clarity the assumed values for Mo (n5) are indicated
as horizontal dashed lines. For m 4 not far above 9.4 GeV,
the effects of the mixing on the states n?(25) and 7} (35)
are negligible, but for larger m4 the spectrum can differ
considerably from the standard one.

Now turning to the tauonic branching ratios of the
7; states induced by their A-components, assuming
Foas) ~ 5 — 20 MeV, the predicted branching ratio

b
of my(1S) — 7F7~ is compatible with the BABAR up-
per limit of 8% at 90% CL [397]. For the heavier n;
states, the corresponding branching fractions vary with
my as shown in Fig. 36, where an(ls) ~ 10 MeV and
Lpo@sy ~ Thossy ~ 5 MeV. With larger (smaller) to-
tal widths, these branching fractions would be smaller
(larger).

The predicted masses and branching fractions in
Figs. 35 and 36, respectively, together with an accu-
rate test of lepton-universality-breaking in T decays [396,
398], can play an important role both in the experimen-
tal search for excited 7,(nS) states and subsequent inter-
pretation of the observed spectrum. Such comparisons
would test the hypothesis of 7, mixing with a light CP-
odd Higgs boson.

2540610-s035
T T
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Mass (GeV)
)
o

9.5 10.0 10.5

FIG. 35: The masses of all eigenstates as function of m 4



33

TABLE 20: As in Table 9, new unconventional states in the ¢, bé, and bb regions, ordered by mass, with possible interpretations
(which do not apply solely to the decay modes listed alongside). References are representative, not necessarily exhaustive. The
QCDSR notation is explained in the caption to Table 19

State m (MeV) T (MeV) Jre Modes Interpretation Reference(s)
X(3872)  3871.5240.20 1.34+0.6 17t/27F xtx=J/y D*° DY molecule (bound) [121, 122]
) ) [383-385]
D*°Do D*°DY unbound
v/, v (25) if 177, xe2(2P) [71]
wJ/y if 271, ne2(1D) [81, 93, 126]
charmonium + mesonic-molecule mixture [381]
QCDSR: [eql3 [cq]s (S+A) [381]
QCDSR: [cq]1 [eq]: (P+V) [381]
QCDSR: [cc1(A) + [eq)i [eg]r (P+V) [381]
X(3915)  3915.6+£3.1 28410 0,2"F  wJ/ D**D*~ + D*°D*° [386]
Z(3930) 39272426 24.146.1 2t DD Xe2(2P) (i.e., 23 Ps cc)
13F, ce [71]
X (3940) 394219 37+2T ?"t  DD*
G(3900) 3943 + 21 52+11 17~ DD Coupled-channel effect [34]
Y (4008) 4008133 226497 1== ata J/y
Z1(4050)T 4051733 82721 ? 7 xe1(1P) hadrocharmonium [282, 355]
Y (4140)  4143.0+£3.1 11775} 77t ¢J /% QCDSR: [cq]1 [eg]r (V+V) [381]
QCDSR: [¢3]1 [es]1 (V4+V) [381]
DitD:~ [386]
X (4160) 4156132 1391423 7"t DD*
Z5(4250)" 4248119 177432 ? 7t X1 (1P) hadrocharmonium [282, 355]
Y (4260) 4263 £5 108+14 1- atr=J/y charmonium hybrid [276-278]
7070 T /4 J /4 f0(980) bound state [313]
DoD* molecular state [375]
[cs][c8] tetraquark state [345, 381]
hadrocharmonium [282, 355]
QCDSR: [cq): [eq]1 (S+V) [381]
QCDSR: [cq)1 [eq]1 (P+A) [381]
Y (4274) 4274.4182 32122 77t B — K(¢J/1) (see Y (4140))
X (4350) 4350.673¢  13.3T150  02YT  oJ/y
Y (4360) 4353 £ 11 96+42 17~ 7t 9(29) hadrocharmonium [282, 355]
crypto-exotic hybrid [71]
Y5(4360) = [cd][ed|(1P), baryonium [321]
QCDSR: [eq]5 [cq]s (S+V) 381]
QCDSR: [c8]: [es]1 (S+V) [381]
Z(4430)" 4443%3% 1071173 ? 7t(29) D** DY molecular state [378, 387]
[cu][cd] tetraquark state [379]
hadrocharmonium [282, 355]
QCDSR: [ed]: [eu]s (V+A) [381]
QCDSR: [cu; [cd]s (S+P) 381
X (4630) 4634* 9 9213} 17~ ATAD Y (4660) = [cd][ed](2P), baryonium [321]
(2S5 fo(980) molecule [324]
Y (4660) 466412 48415 17~ ata(28) ¥(25) f0(980) molecule [306]
[cs][c5] tetraquark state [375]
hadrocharmonium [282, 355]
Y5(4660) = [cd][ed](2P), baryonium [321]
QCDSR: [cs]3 [¢5]3 (S+V) [381]
Y5(10888)  10888.443.0  30.713% 17— 7tamT(ns) T(55) [388)
b-flavored Y (4260) [37, 117]
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FIG. 36: The branching ratios into 7+ 7~ for the eigenstates
12, n3 and 4 as functions of m 4

2.10.2. Supersymmetric quarkonia

As the top quark is too heavy to form QCD bound
states (it decays via the electroweak transition ¢t — bW),
the heaviest quarkonia that can be formed in the Stan-
dard Model are restricted to the bottom-quark sector.
This, however, does not preclude the existence of the
heavier quarkonium-like structures in theories beyond the
Standard Model.

In particular, there exists some interest in detection of
bound states of a top squark, t, i.e., stoponium. From a
practical point of view, observation of such a state would
allow precise determination of squark masses, since sto-
ponium decays via annihilation into SM particles do not
have missing energy signatures with weakly-interacting
lightest supersymmetric particles (LSPs). From a theo-
retical point of view such a scenario could be interest-
ing because it could generate correct relic abundance for
neutralino Dark Matter and baryon number asymmetry
of the universe [399].

As it turns out, some supersymmetric models allow for
a relatively light top squark that can form bound states.
One condition for such an occurrence involves forbidding
two-body decay channels

%vl — bél, Zl — t[\vfh (83)

where t1 is the lighter mass eigenstate of a top squark,
and C7 and Nj are the lightest chargino and neutralino
states, respectively. These decay channels can be kine-
matically forbidden if mz, —mgs < mp and my, —mg <
my, which can be arranged in SUSY models (although
not in mSUGRA). Other decay channels are either flavor-
violating or involve more than two particles in the final
state and are therefore suppressed enough to allow for-
mation of stoponia. Since top squarks are scalars, the
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lowest-energy bound state 7; has spin zero and mass pre-
dicted in the range of 200-800 GeV [400-402].

The n; spin-zero state can be most effectively produced
at the LHC in the gg — n; channel. Possible decay chan-
nels of 7; include vv, g9, ZZ, WW, as well as hadronic
and leptonic final states. It is the v decay channel that
has recently received most attention.

The production cross section for a stoponium 7; de-
tected in the 47y channel can be written as [402]
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olpp = ny—yy) = B(ny — g9)T' (ny — )

1
x / dxgg@,cz%gw/x,@%, (84)

where g(z,Q?) is the gluon parton distribution function,
and B(ny; — gg9) = I'(ny = 99)/Tiot is the branching
fraction for ny — gg decay. Note that Eq. (84) contains
1y decay widths into vy and gg channels that depend on
the value of the n; wave function at the origin,

4 8 47ra® 2
r = ——— (0
(T]Z-) 77) 39 m%z Wnt( )| )
Ol
Loy = 99) = 5 T —=77)- (85)

These decay widths have recently been evaluated taking
into account one-loop QCD corrections [403, 404]. These
next-to-leading order QCD corrections to I'(n; — ) sig-
nificantly decrease [403] the rate while NLO corrections
to the production cross section tend to increase it [404],
leaving the product in Eq. (84) largely unchanged from
the leading-order prediction.

It appears that, if possible, observation of stoponium
would require significant statistics at the LHC. For ex-
ample, for stoponium masses on the order of or less than
300 GeV, an integrated luminosity of 10 fb=! [402] is
required. Larger mass values would require even greater
statistics. Thus discovery of stoponium decays could only
improve determinations of the squark mass, which would
probably be already available using other methods. The
possibility of learning about bound-state QCD dynamics
in a regime where calculations are under better theoret-
ical control makes this study worthwhile.

2.10.3. Inwvisible decays of ¥ and T

Measurements of invisible, meaning undetected, de-
cay rates of ¥ and T resonances can discover or place
strong constraints on dark matter scenarios where can-
didate dark matter constituents are lighter than the b-
quark [405].

According to the SM, invisible decays of the T(15) can
proceed via bb annihilation into a v pair with a branch-
ing fraction B(Y(1S) — vir) =~ 107> [406], well below
current experimental sensitivity. However, models con-
taining low-mass dark matter components might enhance



such invisible decay modes up to observable rates [407—
410]. Interestingly, from the astroparticle and cosmo-
logical side, DAMA and CoGeNT experiments have re-
ported the observation of events compatible with a Light
Dark-Matter (LDM) candidate with a mass inside the
interval [5,10] GeV [411]. Such a mass range for LDM
constituents is especially attractive in certain cosmolog-
ical scenarios, e.g., the Asymmetric Dark Matter model
where the cosmological dark matter density arises from
the baryon asymmetry of the universe and is expected to
have an LDM mass of order [1-10] GeV (see [412, 413]
and references therein).

Searches for the T(1S) — invisible mode have been
carried out by Argus [414], CLEO [415], Belle [416],
and BABAR [417] using the cascade decay, Y(2,35) —
7T~ T(1S), in which the dipion tags the invisibly-
decaying Y (15). The most recent experimental data
from BABAR [417] yield an upper limit at the 90% CL
of

B(Y(1S) — invisible) < 3 x 107* at 90% CL, (86)

which is only one order of magnitude above the SM ex-
pectation. This bound only applies to LDM candidates
with masses less than half the Y(1S) mass. The corre-
sponding limit from BES [418] is

B(J/+¢ — invisible) < 7.2 x 107* at 90% CL. (87)

However, the invisible decay mode induced by scalar or
pseudoscalar mediators (like CP-odd or CP-even Higgs
bosons) actually vanishes, independent of the charac-
ter of the dark matter candidate (either scalar, Dirac
or Majorana fermion), if the decaying resonance has
JPC = 177 [419]. In order to get a non-vanishing de-
cay rate, a new vector U-boson associated with gaug-
ing an extra U(1) symmetry (i.e., a new kind of inter-
action) would be required [419]. Hence a different type
of search has been performed by looking at the decay
T(1S) — ~ + invisible, which can proceed via a light
scalar or pseudoscalar Higgs mediator decaying into a
LDM pair. As discussed in Sect. 2.10.1, a light CP-odd
Higgs boson A; mixing with 7, resonances could natu-
rally become the mediator of the decay into undetected
dark matter particles: T — v A;(— invisible). The re-
sult for YT(3S) decays from BABAR [420] is

B(Y(3S) — v + invisible) < (0.7 — 30) x 107°
at 90% CL, for s./2 < 7.8 GeV, (88)

mv

where s;j,, denotes the invariant-mass squared of the
hypothetical LDM pair. The corresponding limit from
CLEO [421] for J/+ decays is

B(J/1 — ~ + invisible) < (2.5 —6.5) x 107°
at 90% CL, for s-/2 < 960 MeV.  (89)

mv

Experimental systematic effects make improving limits
from searches of this type at higher mass difficult. The
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energy of the final state photon gets progressively smaller
for larger invisible mass; at low energy, the energy res-
olution and number of fake photon candidates are all
typically less favorable than at higher photon energy.
Nevertheless, such improvements, if achieved, would pro-
vide important constraints on theoretical possibilities by
reaching higher LDM masses.

3. DECAY?®
3.1. Radiative transitions

An electromagnetic transition between quarkonium
states, which occurs via emission of a photon, offers the
distinctive experimental signature of a monochromatic
photon, a useful production mechanism for discovery and
study of the lower-lying state, and a unique window on
the dynamics of such systems. Below we first review the
status and open questions regarding the relevant theoret-
ical frameworks and tools, and then describe important
measurements of charmonium and bottomonium electro-
magnetic transitions.

8.1.1.  Theoretical status

The nonrelativistic nature of heavy quarkonium may
be exploited to calculate electromagnetic transitions.
Nonrelativistic effective field theories provide a way to
systematically implement the expansion in the rela-
tive heavy-quark velocity, v. Particularly useful are
nonrelativistic QCD (NRQCD) coupled to electromag-
netism [137, 138], which follows from QCD (and QED)
by integrating out the heavy quark mass scale m, and po-
tential NRQCD coupled to electromagnetism [134, 139,
140, 422], which follows from NRQCD (and NRQED) by
integrating out the momentum transfer scale muv.

Electromagnetic transitions may be classified in terms
of electric and magnetic transitions between eigenstates
of the leading-order pNRQCD Hamiltonian. The states
are classified in terms of the radial quantum number, n,
the orbital angular momentum, [, the total spin, s, and
the total angular momentum, J. In the nonrelativistic
limit, the spin dependence of the quarkonium wave func-
tion decouples from the spatial dependence. The spa-
tial part of the wave function, ¥ (z), can be expressed in
terms of a radial wave function, u,;(r), and the spherical
harmonics, Y, as ¥(z) = Y (0, d)un(r)/r. The spa-
tial dependence of the electromagnetic transition ampli-
tudes reduces to expectation values of various functions

8 Contributing authors: E. Eichten®, R. E. Mitchellf, A. Vairo,
A. Drutskoy, S. Eidelman, C. Hanhart, B. Heltsley, G. Rong, and
C.-Z. Yuan



of quark position and momentum between the initial- and
final-state wave functions [1].

Magnetic transitions flip the quark spin. Transitions
that do not change the orbital angular momentum are
called magnetic dipole, or M1, transitions. In the non-
relativistic limit, the spin-flip transition decay rate be-
tween an initial state i = n 2°T1]; and a final state
f =n' 28/+1ZJ/ is:

D(i S+ f) =

16 E3
gaeQsz(w’ 1) S [IMig* . (90)

where eq is the electrical charge of the heavy quark @
(evy = —1/3, e. = 2/3), a the fine structure constant,
E,=(m?- mf)/(2mz) is the photon energy, and m;, my
are the masses of the initial- and final-state quarkonia,
respectively. The statistical factor SM = SI}/I

; reads
Jrs\V 14
{5’15}{152' } ‘ (1)
2

For | = 0 transitions, S%I = 1. For equal quark masses
m, the overlap integral M,y is given by

Sy =6(2s+1)(28' + 1) x

W M=

M;p = (1+kq) X

/0Do dr um (r) up (r) Jo (E;T> , (92)

where j, are spherical Bessel functions and k¢ is the
anomalous magnetic moment of a heavy quarkonium QQ.
In pNRQCD, the quantity 1+ ¢ is the Wilson coefficient
of the operator STo - egB®™/(2m)S, where B®™ is the
magnetic field and S is a QQ color-singlet field.

Electric transitions do not change the quark spin.
Transitions that change the orbital angular momentum
by one unit are called electric dipole, or E1, transitions.
In the nonrelativistic limit, the spin-averaged electric
transition rate between an initial state i = n 2°t1]; and

a final state f =n/ 2+, (1=10'+1) is

P(i =5 y+f)= %aegE?’(?J’H)S [Eigl”  (93)

where the statistical factor Si =gk Fi is

J1J)°
sgmax(z,z’){l, . } : (94)

The overlap integral &y for equal quark masses m is given
by

if = E /drunl un/l/() X

() (5] -

96

Since the leading-order operator responsible for the elec-
tric transition does not undergo renormalization, the
electric transition rate does not depend on a Wilson coef-
ficient, analogous to the case of the quarkonium magnetic
moment appearing in the magnetic transitions.

If the photon energy is smaller than the typical in-
verse radius of the quarkonium, we may expand the
overlap integrals in E,r, generating electric and mag-
netic multipole moments. At leading order in the multi-
pole expansion, the magnetic overlap integral reduces to
M5 = 6py. Transitions for which n = n’ are called al-
lowed M1 transitions, transitions for which n # n’ are
called hindered transitions. Hindered transitions hap-
pen only because of higher-order corrections and are sup-
pressed by at least v? with respect to the allowed ones.
At leading order in the multipole expansion the electric
overlap integral reduces to

Eif = /Oojir Uy (1) T Uprpr (1) . (96)

Note that E1 transitions are more copiously observed
than allowed M1 transitions, because the rates of the
electric transitions are enhanced by 1/v? with respect to
the magnetic ones. Clearly, the multipole expansion is al-
ways allowed for transitions between states with the same
principal quantum numbers (E, ~ mv* or mv® < mwv)
or with contiguous principal quantum numbers (E, ~
mv? < mwv). For transitions that involve widely sep-
arated states, the hierarchy E, < mv may not be re-
alized. For example, in Y(3S5) — ~np(1S), we have
E, = 921 MeV, which is smaller than the typical mo-
mentum transfer in the 7, (15), about 1.5 GeV [175], but
may be comparable to or larger than the typical mo-
mentum transfer in the Y(35). On the other hand, in
¥(25) = vxc1, we have E, ~ 171 MeV, which is smaller
than the typical momentum transfer in both the (25)
and the x.1.

Beyond the nonrelativistic limit, Eqs. (90) and (93)
get corrections. These are radiative corrections counted
in powers of as(m) and relativistic corrections counted
in powers of v. These last ones include proper relativis-
tic corrections of the type (mwv)?/m?, recoil corrections
and, for weakly-coupled quarkonia, also corrections of
the type Aqep/(mv). Finally, we also have corrections
of the type E,/(mv) that involve the photon energy. In
the charmoniun system, v? ~ 0.3, and corrections may be
as large as 30%. Indeed, a negative correction of about
30% is required to bring the nonrelativistic prediction of
B(J/v¥ — yn.(15)), which is about 3%, close to the ex-
perimental value, which is about 2%. We will see that
this is actually the case. In the bottomonium system,
v? 2~ 0.1 and corrections may be as large as 10%.

For a long time, corrections to the electromagnetic
transitions have been studied almost entirely within
phenomenological models [31, 423-435] (a sum rule anal-
ysis appears in [436]). We refer to reviews in [1, 81];
a textbook presentation can be found in [437]. In con-
trast to models, the effective field theory approach allows



a systematic and rigorous treatment of the higher-order
corrections. The use of EFTs for electromagnetic transi-
tions was initiated in [422], in which a study of magnetic
transitions was performed. The results of that analysis
may be summarized in the following way.

e The quarkonium anomalous magnetic moment kg
does not get contributions from the scale mu: it is
entirely determined by the quark anomalous mag-
netic moment. Since the quark magnetic moment
appears at the scale m, it is accessible by pertur-
bation theory: kg = 2a5(m)/(3m) + O(as?). As a
consequence, K¢ is a small positive quantity, about
0.05 in the bottomonium case and about 0.08 in the
charmonium one. This is confirmed by lattice cal-
culations [438] and by the analysis of higher-order
multipole amplitudes (see Sect. 3.1.6).

e QCD does not allow for a scalar-type contribution
to the magnetic transition rate. A scalar interac-
tion is often postulated in phenomenological mod-
els.

The above conclusions were shown to be valid at any
order of perturbation theory as well as nonperturbatively.
They apply to magnetic transitions from any quarkonium
state. For ground state magnetic transitions, we expect
that perturbation theory may be used at the scale mw.
Under this assumption, the following results were found
at relative order v2.

e The magnetic transition rate between the vector
and pseudoscalar quarkonium ground state, includ-
ing the leading relativistic correction (parametrized
by «s at the typical momentum-transfer scale
m;as/2) and the leading anomalous magnetic mo-
ment (parametrized by «y at the mass scale m;/2),

reads
1 E3
F(i%’y+f)360462Q7n:x
4 as(m;/2) 32
1+ - ——2 — — % (myas/2 )
+3 - 27a (m;as/2) (97)

in which 4 = 130; and f = 1'0;. This expression
is not affected by nonperturbative contributions.
Applied to the charmonium and bottomonium case
it gives: B(J/Y — m.(15)) = (1.6 £ 1.1)%
(see Sect. 3.1.2 for the experimental situation) and
B(Y(18) — ynp(18)) = (2.85 £ 0.30) x 10~* (see
Sect. 3.1.8 for some experimental perspectives).

e A similar perturbative analysis, performed for hin-
dered magnetic transitions, mischaracterizes the
experimental data by an order of magnitude, point-
ing either to a breakdown of the perturbative ap-
proach for quarkonium states with principal quan-
tum number n > 1, or to large higher-order rela-
tivistic corrections.
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The above approach is well suited to studying the line-
shapes of the 1.(15) and 7,(15) in the photon spectra of
J/ — yn.(1S) and Y(15) — ynmp(1S), respectively. In
the region of E, < may, at leading order, the lineshape
is given by [439]

2 3
o By
3 m™ m?
T, /2
(mi —my — E,)?+T%/4’

dcgw(iﬁwrf) X

(98)

which has the characteristic asymmetric behavior around
the peak seen in the data (compare with the discussion
in Sect. 3.1.2).

No systematic analysis is yet available for relativis-
tic corrections to electromagnetic transitions involving
higher quarkonium states, i.e., states for which Aqcp
is larger than the typical binding energy of the quarko-
nium. These states are not described in terms of a
Coulombic potential. Transitions of this kind include
magnetic transitions between states with n > 1 and all
electric transitions, n = 2 bottomonium states being on
the boundary. Theoretical determinations rely on phe-
nomenological models, which we know do not agree with
QCD in the perturbative regime and miss some of the
terms at relative order v? [422]. A systematic analysis
is, in principle, possible in the same EFT framework de-
veloped for magnetic transitions. Relativistic corrections
would turn out to be factorized in some high-energy coef-
ficients, which may be calculated in perturbation theory,
and in Wilson-loop amplitudes similar to those that en-
code the relativistic corrections of the heavy quarkonium
potential [179]. At large spatial distances, Wilson-loop
amplitudes cannot be calculated in perturbation theory
but are well-suited for lattice measurements. Realizing
the program of systematically factorizing relativistic cor-
rections in Wilson-loop amplitudes and evaluating them
on the lattice, would, for the first time, produce model-
independent determinations of quarkonium electromag-
netic transitions between states with n > 1. These are
the vast majority of transitions observed in nature. Fi-
nally, we note that, for near-threshold states such as
1 (25), intermediate meson loops may provide important
contributions [440], which should be systematically ac-
counted for.

Higher-order multipole transitions have been observed
in experiments (see Sect. 3.1.6), Again, a systematic
treatment is possible in the EFT framework outlined
above, but has not yet been realized.

3.1.2.  Study of ¥(15,25) — yn.(15)

Using a combination of inclusive and exclusive tech-
niques, CLEO [69] has recently measured

B(J/¢ — yne(15)) = (1.98 £ 0.09 + 0.30)%
B(1p(25) = m.(15)) = (0.432 £ 0.016 =+ 0.060)% . (99)



The lineshape of the 7.(15) in these M1 transitions was
found to play a crucial role. Because the width of the
1:(1S) is relatively large, the energy dependence of the
phase space term and the matrix element distort the line-
shape (see Eq. (98)). Indeed, the photon spectrum mea-
sured by CLEO shows a characteristic asymmetric be-
haviour (see Fig. 37). The theoretical uncertainty in this
lineshape represents the largest systematic error in the
branching ratios. Both M1 transitions are found to be
larger than previous measurements due to a combination
of a larger n.(15) width and the first accounting for the
pronounced asymmetry in the lineshape. This process
has also been recently measured by KEDR [441].

The distortion of the 1.(15) lineshape also has impli-
cations for the mass of the 7.(15). As of 2006, there was
a 3.30 discrepancy between 7.(15) mass measurements
made from (15,25) — yn.(15) (with a weighted aver-
age of 2977.3 + 1.3 MeV) and from ~+ or pp production
(averaging 2982.6 £ 1.0 MeV). The CLEO [69] analy-
sis suggests that the solution to this problem may lie in
the lineshape of the 7.(15) in the M1 radiative transi-
tions. When no distortion in the lineshape is used in the
CLEO fit to J/v — n.(1S), the resulting 7.(15) mass
is consistent with other measurements from M1 transi-
tions (2976.6 + 0.6 MeV, statistical error only); how-
ever, when a distorted lineshape is taken into account,
the mass is consistent with those from ~v or pp produc-
tion (2982.2 + 0.6 MeV, statistical error only). Recent
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FIG. 37: From CLEO [69], the photon energy spectrum from
J/Y — yne(1S). The n.(1S) is reconstructed in 12 differ-
ent exclusive decay modes. The dotted curve represents a
fit with a relativistic Breit-Wigner function; the solid curve
uses a relativistic Breit-Wigner function distorted by the en-
ergy dependence of the phase-space term and the matrix el-
ement. The dash-dotted curves show two components of the
background, which when summed become the dashed curve.
Adapted from [69] with kind permission, copyright (2009) The
American Physical Society
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measurements of the 7.(1S) mass in 4y production are
consistent with this general picture. An 7.(1S) mass of
2986.1 + 1.0 + 2.5 MeV is reported in a Belle analysis of
vy — hTh~h*th~, where h = 7, K [442], consistent with
the higher 7.(15) mass. Also, BABAR measures a mass of
2982.2 4+ 0.4 4+ 1.6 MeV in vy — KgK*nT [443].

3.1.8.  Observation of he(1P) — yn.(15)

The decay chain ¥(2S) — 7%h.(1P), h.(1P) —
vne(1S) was first observed by CLEO [45, 46] using
24.5 million 1(25) events, and later confirmed with
higher statistics by BESIII [47] using 106 million (25).
While the mass difference of the h.(1P) and x.;(1P)
states is a measure of the hyperfine splitting in the 1P
cc system, the product branching fraction can be used
to glean information about the size of the E1 transi-
tion h.(1P) — n.(1S). The product branching frac-
tion B(1(2S) — 7h.(1P)) x B(h(1P) — yn.(1S)) was
measured to be

(4.19 £ 0.32 £ 0.45) x 10~*
(4.58 £ 0.40 + 0.50) x 10~4

CLEO [46]
BESIII [47], (100)
where both CLEO and BESIII used an inclusive tech-
nique (requiring reconstruction of just the 7% and the
transition photon and imposing appropriate kinematic
constraints), but CLEO also utilized a fully exclusive
technique (in addition to the 7° and v, reconstructing the
7¢(15) in multiple exclusive decay channels). BESIIT has
also measured B(1(2S) — 7h.(1P)) (see Sect. 3.3.3),
allowing extraction of

B(h.(1P) — yn.(15)) = (54.3 £ 6.7 £ 5.2)%. (101)

As part of the same study, CLEO has measured
the angular distribution of the transition photon from
he(1P) = vn.(1S) (Fig. 38). Fitting to a curve of the
form N(1 + acos?#), and combining the results from
the inclusive and exclusive analyses, it was found that
a = 1.20 £ 0.53, consistent with o = 1, the expectation
for E1 transitions.

3.1.4. Nonobservation of ¥(25) — ync(25)

After years of false alarms, the 7.(25) was fi-
nally observed in B-decays and two-photon fusion (see
Sect. 2.2.2). In an attempt to both discover new de-
cay modes and to observe it in a radiative transition,
CLEO [68] modeled an 7.(2S) analysis after its effort on
the 7.(15), wherein a systematic study of many exclusive
hadronic decay modes aided in measuring the lineshapes
and branching fractions in ¥(15,2S) — n.(1S) transi-
tions [69]. Eleven modes, which were chosen based in
part upon success in finding similar 7.(15) decays, were
sought in the exclusive decay chain (2S5) — vn.(25),
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FIG. 38: From CLEO [46], the distribution of the photon po-
lar angle in the eTe™ center-of-mass frame from the transition
sequence 9(2S) = 7h.(1P), he(1P) = vn.(18). Open cir-
cles represent data from an inclusive 7.(15) decays and solid
circles data from exclusive 7.(15) decays (see text). The solid
curve represents a fit of both inclusive and exclusive data to
N(1 + acos? ), from which a was found to be 1.20 £ 0.53.
Adapted from [46] with kind permission, copyright (2008) The
American Physical Society

7:(25) — hadrons in CLEO’s 26 million (25) sam-
ple. One of the modes sought was the dipion transition
ne(2S) = 777 n.(1S), which used proven hadronic de-
cay modes of the 7.(15). No n.(25) signals were found,
and eleven product branching fraction upper limits were
set. None but one of these products can be used to di-
rectly set a limit on the transition because none but one
have a measured 7.(2S5) branching fraction. Using the
BABAR [444] branching fraction for 7.(25) — KK al-
lows CLEO to set an upper limit

B((2S) = v1.(25)) < 7.6 x 107%. (102)

This value is greater than a phenomenological limit ob-
tained [68] by assuming the matrix element is the same
as for J/1¢ — yn.(15) and correcting the measured J/¢
branching fraction by the ratio of total widths and phase-
space factors, (3.9 £1.1) x 1074

3.1.5. Y(25) — yyJ /¢ through Xcs

One component of the CLEO [445, 446] ¥(25) —
X J /4 branching fraction analysis described in Sect. 3.3.2
addresses the yyJ/1 final states that proceed through
the doubly-radiative decays 1(25) = vXca, Xed — VI /.
The resulting product branching fractions, measured us-
ing CLEO’s dataset of 27M 1(25) decays, are shown in
Table 21. These inputs are used to determine B(x.; —
~vJ /) branching fractions, which are calculated by the
Particle Data Group [447] from world averages of the
quantities in Table 21 and those for ¥(2S5) — vxeJ-

A substantial difference between the original [445] and
final [446] CLEO analyses, aside from an eightfold in-
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TABLE 21: Results from CLEO [445, 446] for the ¥(25) —
~vvJ /¢ branching fractions through either x.; intermediate
states or a nonresonant (nr) channel

Final state B (%)
Y (Y /%) 5o 0.125 & 0.007 £ 0.013
¥ (v /%) xer 3.56 £ 0.03 £ 0.12
¥ (v /%) xe2 1.95 4 0.02 & 0.07
¥ (v /) nr <0.1

crease in statistics, is the treatment of the transition
through x.o, which has the smallest rate of the three.
The primary systematic challenge for this mode is deal-
ing with its small vJ /1) branching fraction relative to that
of xc1. In the energy spectrum of the lower energy pho-
ton in such decays, there are peaks near 128, 172, and
258 MeV, corresponding to the intermediate xc2, Xc1,
and x.o states, respectively (see Fig. 4 of [446]). How-
ever, due to nonzero photon energy-measurement reso-
lution and nonzero natural widths of the x.;, the three
peaks overlap one another. In particular, the high-side
tail of the lower-energy photon’s spectrum for the transi-
tion through y.; has a significant contribution in the x.g
energy region (relative to the small x.o signal), a fact
which introduces subtleties to the analysis. Because of
the proximity of the photon lines to one another and the
large disparity of rates, the measured product branch-
ing fraction for the y.o transition is sensitive to I'(x.1)
and to the detailed lineshape in these decays, i.e., some
of the apparent Y. signal is actually feedacross from
Xc1- The second CLEO analysis [446] implemented the
Eg-weighting in its MC simulation of the transition, as
required from phase-space considerations for E1 decays
given in Eq. (93). The inclusion of the Ei factor signifi-
cantly increases the contribution of x.; near the .o peak
(relative to not using this factor). However, even if the
MC simulation of these decays allows for a ., natural
width of up to 1 MeV (about 2.50 higher than the nominal
value [18]) and uses the expected El-transition energy de-
pendence of the lineshape, the region in the lower-energy
photon spectrum in the valley between the x.1 and x.o
peaks showed an excess of events in the CLEO data over
the number expected. One hypothesis for filling that
deficit suggested by CLEO is the nonresonant (nr) de-
cay ¥(25) — yyJ/v¢. CLEO estimated that a branching
fraction of ~ 0.1% or smaller could be accommodated
by the data. However, CLEO did not claim observation
of this nonresonant decay mode due to a combination
of limited statistics, uncertainties about x.; widths, and
possible dynamical distortion of the lineshape, all mat-
ters deserving further attention. In fact, such a distortion
was later observed in radiative transitions from (25) to
N:(15) (see Sect. 3.1.2), raising the importance of veri-
fying the assumed photon lineshapes with data for any



future analysis.

A preliminary analysis of nonresonant ¢ (25) — vvyJ/¢
decays from BESIII has been released [448, 449], which
uses a dataset of 106M (2S) decays, nearly four times
that of CLEO. A statistically significant signal is claimed,
and a branching fraction of ~ 0.1% is measured, compat-
ible with the CLEO upper bound. BESIII also raised the
issue of how interference between the resonant yy.J/v,.,
final states might affect the lower-energy photon spec-
trum, and what the effect might be from interference
between the nonresonant and resonant channels.

8.1.6. Higher-order multipole amplitudes

The radiative decays ¥(2S) — vXc1,2 and Xe12 —
~vJ/1¢ are dominated by electric dipole (E1) ampli-
tudes. However, they are expected to have a small
additional contribution from the higher-order magnetic
quadrupole (M2) amplitudes. Previous measurements
of the relative sizes of the M2 amplitudes have dis-
agreed with theoretical expectations. CLEO [450] has
recently revisited this issue with a high-statistics analysis
of the decay chains ¥(25) — vxcr; Xed = Y/ T/ —
IT1=(I =e,u) for J = 1,2. Starting with 24 x 106 1(29)
decays, CLEO observes approximately 40 000 events for
J = 1 and approximately 20000 events for J = 2, sig-
nificantly larger event samples than previous measure-
ments. Using an unbinned maximum-likelihood fit to
angular distributions, CLEO finds the normalized M2
admixtures in Table 22. For the quoted J = 2 measure-
ments, the electric octupole (E3) moments were fixed to
zero. As shown in Fig. 39, these new measurements agree
well with theoretical expectations when the anomalous
magnetic moment of the charm quark is assumed to be
zero and the mass of the charm quark is assumed to be
1.5 GeV.

3.1.7.  Observation of ¥(3770) = vxcs(1P)

The existence of the 1(3770) has long been established,
and it has generally been assumed to be the 13D; char-

TABLE 22: From CLEO [450], normalized magnetic
dipole (M2) amplitudes from an analysis of (2S) — vxer,
Xes — vJ /v decays. For the J = 2 values, the electric oc-
tupole (E3) moments were fixed to zero

Decay Quantity Value (1072)
P(25) = X1 b=t 2.76 +£0.73 £ 0.23
P(25) = Yxe2 bJ=2 1.0+1.3+0.3
Xe1 = yJ /% ag=! —6.26 £ 0.63 4+ 0.24
Xez = VI /Y ad=2 —9.34+1.6+0.3
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FIG. 39: A compilation of measurements of normalized mag-
netic dipole amplitudes from xo1 — vJ/% (ag='), ¥(28) —
YXer (b3~ 1)s Xe2 = 7/ (a3~ 2), and $(25) = yxe2 (b3 2).
The solid circles represent data from CLEO [450], which show
consistency with predictions (dashed vertical lines), unlike
some earlier measurements. The nonrelativistic theoretical
expectations are calculated with an anomalous magnetic mo-
ment of the charm quark of zero and an assumed 1.5 GeV
charm quark mass. Adapted from [450] with kind permis-
sion, copyright (2009) The American Physical Society

monium state with a small admixture of 22S;. However,
because it predominantly decays to DD, its behavior as
a state of charmonium has gone relatively unexplored
in comparison to its lighter partners. The charmonium
nature of the ¥(3770) is especially interesting given the
unexpected discoveries of the X, Y, and Z states, open-
ing up the possibility that the (3770) could include
more exotic admixtures. The electromagnetic transi-
tions, ¥(3770) — vx.s, because they are straightforward
to calculate assuming the (3770) is the 2D; state of
charmonium, provide a natural testing ground for the
nature of the 1(3770) [31, 451, 452].

CLEOQO has observed these transitions in two indepen-
dent analyses. In the first [453], the x.; were recon-
structed exclusively in the decay chain ¥(3770) — yxcJ,
Xes — Y/, J/p — £Y€, with results depicted in
Fig. 40. In the second [454], the y.; were reconstructed



in several exclusive hadronic modes and then normalized
to ¥(2S) — yxcs using the same exclusive modes, with
results shown in Fig. 41. Due to differing relative rates
of the y.; decay modes employed, the first method has
more sensitivity to the transitions to x.1,2 whereas the
second is more suited to x.9. Combining the results of
the two analyses, the partial widths of ¥(3770) — yxcs
were found to be 172 + 30 keV for J = 0, 70 + 17 keV
for J =1, and < 21 keV at 90% CL for J = 2. These
measurements are consistent with relativistic calculations
assuming the 1(3770) is the 3D; state of charmonium.

3.1.8. Observation of Y(25,35) — yns(15)

The recent discovery of the 7,(1.5) state by BABAR [59]
has, through a measurement of the 7,(1S) mass, given
us our first measurement of the 1S5 hyperfine splitting
in the bottomonium system. This is obviously an im-
portant accomplishment for spectroscopy as it provides
a window into the spin-spin interactions within the bb
system. However, in addition to its contributions to
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FIG. 40: From CLEO [453], the energy of the transition
(lower energy) photon from (3770) — yxcs found when re-
constructing x.; — vJ/v¢ and requiring the J/¢ decay to
(a) T~ or (b) ete”. Solid circles represent data, the dotted
curve shows the smooth fitted background, the dashed curve
shows the sum of the smooth background fit and an estimated
contribution from the tail of the (2S5) (events individually
indistinguishable from signal), and the solid curve is a result
of a fit of the data to all background and signal components.
Background saturates the data at the x.2 and xco, but a sig-
nificant x.1 signal is obtained. Adapted from [453] with kind
permission, copyright (2006) The American Physical Society
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spectroscopy, the observation of the decays 1(25,35) —
v1m5(15) has resulted in our first measurements of M1 ra-
diative transition rates in the bottomonium system. A
large range of theoretical predictions have been made
for these rates [455], especially for the hindered tran-
sitions, to which the experimental measurement brings
much-needed constraints.

Using 109 million T(35) decays and 92 million Y(25)
decays, BABAR [59, 61] has measured

B(Y(3S) = vm(15)) = (4.8+0.540.6) x 107*
B(T(28) = ym(15)) = (4.2715 +£0.9) x 107*. (103)

Both measurements assume an 7,(15) width of 10 MeV.
The large systematic errors in the branching fractions are
due to the difficulty in isolating the small 7;,(1.5) signal
from other nearby photon lines (x4s(2P,1P) — vY(15)
and Y(3,25) — vY(1S5)) and from the large background
in the energy spectrum of inclusive photons.

In addition to the M1 transition rates, the energy de-
pendence of the matrix elements is also of interest. In
the case of charmonium (see below), this energy depen-
dence can introduce a nontrivial distortion of the 7.(15)
lineshape which can artificially pull the mass measure-
ment several MeV from its true value. It is expected
that the same distortion mechanism will hold in the bot-
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FIG. 41: From CLEO [454], the energy of the transition
photon from (a) ¥(2S), or (b) ¥(3770) decaying to vyxcJs
when the x.s are reconstructed in exclusive hadronic modes.
Short-dashed curves represent fits to the smooth background.
The long-dashed curve in (b) represents estimated background
from the tail of the 1(25), for which events are individually
indistinguishable from signal. A significant ¥(3770) — vyXco
signal is obtained. Adapted from [454] with kind permission,
copyright (2006) The American Physical Society



tomonium system. This effect must then be understood
if M1 transitions are to be used for precision 7;(1.5) mass
measurements.

Studying the 7,(15) lineshape in M1 transitions will
require a large reduction in background levels. One pos-
sibility would be to study exclusive n,(1.5) decays. Using
exclusive 7, (1S) decays could also allow a measurement
of B(Y(1S) — vym(1.5)), the allowed M1 transition, since
background levels in the Y(15) inclusive photon energy
spectrum are likely prohibitively large.

3.2. Radiative and dileptonic decays

Here we review theoretical status and experimental re-
sults for radiative and dileptonic decays of heavy quarko-
nia. The simplest parton-level decay of any heavy
quarkonium vector state occurs through annihilation into
a virtual photon and thence into dilepton or quark-
antiquark pairs. The latter can be difficult to isolate from
ggg decay at the charmonium and bottomonium mass
scales, but fortunately is known to have a rate propor-
tional to R = o(ete™ — hadrons)/o(ete™ — utu™), a
quantity that is well-measured with off-resonance data
and which has a well-understood energy dependence.
Conversely, dilepton pairs have distinctive experimen-
tal signatures for which most modern detectors are opti-
mized, offering the prospect of high precision. This high
precision is quite useful in studies of both production and
decays of vector charmonium and bottomonium states.
Dileptonic widths also offer relative and absolute mea-
sures of wave function overlap at the origin. For all these
reasons, decays to {7/~ are heavily studied and used to
characterize the most basic features of each vector state.

The simplest three-body decays of vector quarkonia
are to vy, 799, and ggg, and their relative rates should
reflect directly upon the value of oy at the relevant mass
scale: naively, R, = B(vg9)/B(999) ~ a/as(m). Al-
though the vy~ final state is experimentally straight-
forward to isolate, its rate is exceedingly small. Con-
versely, while 7gg and ggg decays are abundant, dis-
tinguishing them from each other and from transitions
involving final state hadrons is quite challenging. In-
deed, ggg decays cannot be effectively differentiated on
an event-to-event basis from quarkonium annihilation
into light quark-antiquark pairs nor from ygg final states
with soft photons. Experimental study of vy, vgg, and
ggg quarkonium decays has progressed substantially, but
has not yet entered the realm of precision.

The simplest decay or production mechanism of any
scalar or tensor quarkonium state is to and from a pair
of photons. Two-photon decay offers clean experimental
signatures and a measure of the frequently small two-
photon branching fraction, whereas production via two-
photon fusion in ete™ collisions offers the prospect of
determination of the diphotonic width. As with vec-
tor states and three photons, the two-photon coupling
provides quite basic information about scalar and tensor
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quarkonia.

For completeness, we mention that radiative decays
offer convenient production mechanisms for scalar and
tensor states such as light-quark or hybrid mesons, glue-
ball candidates, and non-Standard-Model Higgs or ax-
ion searches. Treatment of such decays is beyond the
scope of this review, but some examples can be found in

Sect. 3.2.4.

8.2.1. Theoretical status

Quarkonium annihilation happens at the heavy-quark
mass scale m. Processes that happen at the scale m are
best described by NRQCD. The NRQCD factorization
formula for the quarkonium annihilation width into light
hadrons or photons or lepton pairs reads [138, 456]:

2Imc,

4-fermion
FH—annih. = Z m(dOn*‘l) <H|On ¢ © |H>7 (104)

where OX-fermion are four-fermion operators, ¢, are their
Wilson coefficients, dop,, their dimensions, and |H) is the
state that describes the quarkonium in NRQCD. The
Wilson coefficients c¢,, are series in powers of the strong
coupling constant as, evaluated at the heavy-quark mass,
and the matrix elements (H|O2X-fermion| [1) are counted in
powers of the heavy quark velocity v. The matrix ele-
ments live at the scale mv: they are nonperturbative if
mv > Aqcp, while they may be evaluated in perturba-
tion theory if mov? > Aqep-

Substantial progress has been made in the evaluation
of the factorization formula at order v’ [457, 458], in
the lattice evaluation of the NRQCD matrix elements
(H|O#fermion| i1y [233], and in the data of many hadronic
and electromagnetic decays (see [1] and subsequent sec-
tions). As discussed in [1], the data are clearly sensitive
to NLO corrections in the Wilson coefficients ¢, (and
presumably also to relativistic corrections). For an up-
dated list of ratios of P-wave charmonium decay widths,
see Table 23.

In [232], the high precision of data and matrix elements
has been exploited to provide a new determination of ag
from

T(T(18) — v LH)

1
(Y(1S) — LH) (105)
as(my(is)) = 0.1847001% (106)
implying
ag(myo) = 0.11979-005 . (107)

The NRQCD factorization formulas for electromag-
netic and inclusive hadronic decay widths lose their pre-
dictive power as soon as we go to higher orders in v, due
to the rapid increase in the number of nonperturbative



TABLE 23: Comparison of measured x.; decay-width ratios
(using PDG10 [447]) with LO and NLO determinations [1],
assuming m. = 1.5 GeV and as(2m.) = 0.245, but without
corrections of relative order v*. LH = light hadrons

Ratio PDG LO NLO
Llxeo = 77) 45 375 543
I(Xe2 = 77)
I'(xe2 = LH) — I'(xe1 — LH) 450 347 383
I'(xc0 = 77)
I'(xeo — LH) — I'(xe1 — LH) 4200 1300 2781
T'(xco = 77)
['(xeo — LH) — T'(xe2 — LH
4 2. :
I Xc2 — LH r Xecl — LH s K 008

(
( ) —I'(

I'(xco = LH) — I(xe1 = LH 94 375  7.63
( )~ Txer A '

I Xc2 — LH

matrix elements [1, 457, 458]. Quarkonia, with typical
binding energies much smaller than Aqcp, conservatively
include all quarkonia above the ground state. Matrix ele-
ments of these states are inherently nonperturbative and
may be evaluated on the lattice [233]; few, however, are
known. A way to reduce the number of these unknown
matrix elements is to go to the lower-energy EFT, pN-
RQCD, and to exploit the hierarchy mv > mv?. In
pNRQCD, NRQCD matrix elements factorize into two
parts: one, the quarkonium wave-function or its deriva-
tive at the origin, and the second, gluon-field correlators
that are universal, i.e., independent of the quarkonium
state. The pNRQCD factorization has been exploited for
P-wave and S-wave decays in [181].

Quarkonium ground states have typical binding en-
ergy larger than or of the same order as Aqcp. Matrix
elements of these states may be evaluated in perturba-
tion theory with the nonperturbative contributions being
small corrections encoded in local or nonlocal conden-
sates. Many higher-order corrections to spectra, masses,
and wave functions have been calculated in this man-
ner [157], all of them relevant to the quarkonium ground
state annihilation into light hadrons and its electromag-
netic decays. For some recent reviews about applica-
tions, see [270, 459]. In particular, Y(1S), n,(15), J/1,
and n.(15) electromagnetic decay widths at NNLL have
been evaluated [260, 460]. The ratios of electromagnetic
decay widths were calculated for the ground state of char-
monium and bottomonium at NNLL order [460], finding,

e.g.,

L(np(15) = )

=0.502 £ 0.068 £ 0.014.
I(Y(1S) — ete™)

(108)

A partial NNLL-order analysis of the absolute widths of
T(1S) — ete™ and n,(1S) — v can be found in [260].
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As the analysis of T'(T(1S) — ete™) of [260] illus-
trates, for this fundamental quantity there may be prob-
lems of convergence of the perturbative series. Prob-
lems of convergence are common and severe for all the
annihilation observables of ground state quarkonia and
may be traced back to large logarithmic contributions, to
be resummed by solving suitable renormalization group
equations, and to large Spas contributions of either re-
summable or nonresummable nature (these last ones are
known as renormalons). Some large Sy contributions
were successfully treated [461] to provide a more reliable
estimate for

I'(n.(15) — LH)
L(1e(18) = v7)

= (3.26 £0.6) x 10, (109)

or (3.01 £0.5) x 10% in a different resummation scheme.
A similar analysis could be performed for the 7,(15),
which combined with a determination of I'(n,(15) — v7)
would then provide a theoretical determination of the
M(1S) width. At the moment, without any resummation
or renormalon subtraction performed,

I'(ny(1S) — LH)
L(n(LS) = 77)

Recently a new resummation scheme has been suggested
for electromagnetic decay ratios of heavy quarkonium
and applied to determine the 7,(1S5) decay width into
two photons [462]:

~ (1.8-2.3) x 10*. (110)

T(ny(1S) — 7) = 0.54 % 0.15 keV. . (111)
Substituting Eq. (111) into Eq. (110) gives I'(ny(15) —
LH) = 7-16 MeV.

3.2.2.  Measurement of ¥, T — vgg

In measurements of the vgg rate from J/¢ [235],
¥(25) [236], and Y(15,25,3S5) [230], CLEO finds that
the most effective experimental strategy to search for
vgg events is to focus solely upon those with energetic
photons (which are less prone to many backgrounds),
then to make the inevitable large subtractions of ggg,
qq, and transition backgrounds on a statistical basis,
and finally to extrapolate the radiative photon energy
spectrum to zero with the guidance of both theory and
the measured high energy spectrum. The most trouble-
some background remaining is from events with energetic
7 — 4 decays which result in a high-energy photon in
the final state. One of several methods used to estimate
this background uses the measured charged pion spectra
and the assumption of isospin invariance to simulate the
resulting photon spectrum with Monte Carlo techniques;
another measures the exponential shape of the photon-
from-7° distribution at low photon energy, where vgg de-
cays are few, and extrapolates to the full energy range.
Backgrounds to ygg from transitions require the input of



the relevant branching fractions and their uncertainties.
The rate for ggg decays is then estimated as that fraction
of decays that remains after all dileptonic, transition, and
qq branching fractions are subtracted, again requiring in-
put of many external measurements and their respective
uncertainties. Not surprisingly, the relative errors on the
results of 10-30% are dominated by the systematic un-
certainties incurred from background subtraction meth-
ods, photon-spectrum model-dependence, and external
branching fractions.

The CLEO measurements of the observable R, defined
in Eq. (22) are shown in Tables 24 and 25. It should be
noted that the uncertainties in R, for V = T(15,285, 35)
are partially correlated with one another because of
shared model dependence and analysis systematics. In
addition, the shape of the measured direct photon spec-
trum from J/v is quite similar to that of the Y’s, in
contrast to the ¢(25), for which the spectrum appears
to be softer. Absolute values for the branching fractions
have been calculated with input of other world-average
branching fractions in PDG10 [447], and are reproduced
in Table 25. See Sect. 2.8.1 for discussion of extraction
of o from R, measurements.

3.2.8.  Observation of J/v — vy

Orthopositronium, the 357 ete™ bound state, decays
to 3y almost exclusively and has long been used for preci-
sion tests of QED [464]. The rate of its analog for QCD,
three-photon decay of vector charmonium, in particular
that of the J/v, acts as a probe of the strong interac-
tion [355]. Due to similarities at the parton level, relative
rate measurements of the branching fractions for J/¢ —
3y, J/v — ~gg, J/¢ — 3g, and J/¢p — ITI~ provide
crucial grounding for QCD predictions [355, 465, 466].
Previous searches for the quarkonium decay to 3~ have
yielded only upper limits: B(w — 37) < 1.9 x 1074
at 95% CL [467] and B(J/¢¥ — 37y) < 5.5 x 107° at
90% CL [468].

CLEO [469] performed a search for the all-photon de-
cays of the J/v using tagged .J/1) mesons from 9.6 x 105
¥(28) — J/¢ymtn~ decays. After excluding backgrounds
from J/¢ — yn/n’/n.(1S) — 37 with restrictions on
photon-pair masses, and minimizing .J/v — y7°7° back-
grounds in which two of the photons are very soft by
imposing stringent energy-momentum conservation via a
kinematic fit, CLEO reported the first observation of the
decay J/v — 3v by finding 38 events, 12.8 of which were
estimated to be background, mostly from various sources
of J/1p — y77® — 57y decays. The branching fraction is
measured to be

B(J/¥ — 3y) = (1.240.3+£0.2) x 107° (112)
with statistical significance for the signal of 6.30. Dipho-
ton mass plots are shown in Fig. 42 for data, signal MC,
and two possible sources of background. The measured
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TABLE 24: Measured values of R+, as defined in Eq. (22),
assuming the Garcia-Soto (GS) [231] or Field [463] models of
the direct photon spectrum from Y decays, and their averages,
from CLEO [230]. The uncertainty on each average includes
a component to account for model dependence (which domi-
nates the other uncertainties); statistical errors are negligible

State Ry (%)

GS Field Average
T(15) 2.46 +£0.13 2.90 +£0.13 2.70 +0.27
T(25) 3.06 £ 0.22 3.57 £0.22 3.18 £ 0.47
T(35) 2.58 £0.32 3.04 £0.32 2.72 £0.49

TABLE 25: Measured values of R, from CLEO, as defined
in Eq. (22), and the respective absolute branching fractions
from PDGI10 [447]

State Ry (%)  B(vgg) (%) Blggg) (%)  Source
Jp  13.7+1.7 88405 64.1+1.0 [235, 447]
¥(29) 9.7+3.1 1.024029 10.6+1.6 [236, 447]
T(1S) 2704027 2214022 81.7+0.7 [230, 447]
T(25) 3.184+0.47 1.87+0.28 58.8+1.2 [230, 447]
T(35) 2.7240.49 0.97+0.18 35.7+2.6 [230, 447]

three-photon branching fraction lies between the zeroth-
order predictions [465] for Bs, /By ~ (a/as)?/3 and
Bs,/Bsg ~ (a/as)® and is consistent with both, but is
a factor of ~ 2.5 below that for Bs,/B; ~ a/14, all as-
suming as(m/y) =~ 0.3. Upper limits on the branching
fractions for J/¢ — 7, 47, and 5 were also determined,
setting more stringent restrictions than previous experi-
ments.

3.2.4. Nonobservation of ¥(25),T(1S) — vn

Both BESII [470] and CLEO [471] report studies on
the exclusive final states v (7°/n/n’) from charmonium,
BESII from J/4 decays alone, and CLEO from decays of
J/, (25), and ¢ (3770). Resulting branching fractions
appear in Table 26, where it can be seen that the results
from the two experiments are consistent with each other,
and that precision has steadily improved. From the per-
spective of charmonium physics, the most striking feature
of these numbers is the nonobservation of ¥(25) — 1.

CLEO and BESII have consistent values of the ratio

. = B@(®S) = ym)
" B((nS) = ')
forJ /1 of r1 & 0.2 within a few percent; the naive expec-

tation would be that, for ¥(2S5), ro &~ r1. Yet the CLEO
result implies that ro < 1.8%, or ro/r1 < 8%, both at

(113)
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FIG. 42: From CLEO [469], distributions of the largest vs. the
smallest diphoton mass combination per event in ¥(2S) —
ata~J/y, J/v — 3y candidates. Parts (a), (c), and (d)
are from MC simulations of J/¢ — vyn/n’/n.(1S) — 37,
vf2(1270) — y7°7® — 5+, and the signal process, J/¢ — 37,
respectively. In these three MC plots darker shading of bins
signifies relatively larger event density than lighter shades.
Part (b) shows the CLEO data, where each solid circle indi-
cates a single event. Solid lines demarcate regions excluded
from the J/i¢ — 3v event selection. 38 data events popu-
late the signal region, of which 24.277-2 were estimated to
be from J/¢¥ — 37, with the remainder due to background,
mostly various sources of J/1) — yn°7°. Adapted from [469]
with kind permission, copyright (2008) The American Physi-
cal Society

90% CL. Specifically, the rate of yn relative to yn’ from
¥(25) is at least an order of magnitude smaller than that
from J/4. If instead we characterize the effect in terms
of “the 12% rule” (Sect. 3.4.1), we note that, relative to
its dileptonic width, 1(2S) — «n’ is suppressed by a fac-
tor of five with respect to J/1¢ — yn’, but ¥(2S) — vy
is suppressed by at least two orders of magnitude with
respect to J/¢ — yn.

Do we see such transitions at expected rates in Y de-
cays? The CLEO [472] search for Y(15) — yn) failed to
find evidence for either pseudoscalar meson in radiative
decays, setting the limits

B(T(18) = yn) <1.0x 1076

B(T(1S) = vn') <1.9x107°. (114)
These values rule out the predictions of Chao [473], which
are based on mixing of 7, n’, and n,(1.5), but not sensitive
enough to probe those of Ma [474], which uses a QCD-
factorization approach, nor those of Li [475], which posits
a substantial two-gluon component in 7 and 1’ within a
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perturbative QCD framework.

What dynamical effect is present in t(25) decays that
is absent in J/v decays that can explain this large of a
suppression? Is it related to pm suppression in 1(25)
decays relative to J/¢ (Sect. 3.4.1), another vector-
pseudoscalar final state? Is there a connection between
the suppression of yn and i’ in T(1.5) decay and that of
~n in ¥(2S5) decay? These questions remain unanswered.

Events selected from this charmonium analysis have
been used to address physics questions other than those
directly associated with c¢ bound states:

e The flavor content of n and 1’ mesons, which
are commonly thought to be mixtures of the pure
SU(3)-flavor octet and singlet states, with a pos-
sible admixture of gluonium [476-478]; if J/¢ —
1) occurs through ¢ — vgg, which is expected to
fragment in a flavor-blind manner, the mixing angle
can be extracted from ry as defined in Eq. (113).
The measured value [470] from charmonium is con-
sistent with that obtained from other sources [479-
481].

e The high-statistics sample of J/¢ — ~n’ decays
was also used by CLEO to perform the first simul-
taneous measurement of the largest five ' branch-
ing fractions [471], attaining improved precisions,
and to improve the measurement precision of the
1’ mass [482].

e Although CLEO [471] only set limits for (3770)
decays to these final states, clean signals for both
~vn and yn’ final states were observed. However,
these rates were seen to be consistent with that

TABLE 26: Branching fractions (in units of 107%) for
charmonium decays to v (x°/n/n’) from CLEO [471] and
PDGO8 [18], the latter of which is dominated by BESII [470].
The rightmost column shows the difference between the two
in units of standard error (). Upper limits are quoted at
90% CL. Entries in the last two rows include the effects of
estimated continuum background and ignore (include) maxi-
mal destructive interference between (3770) and continuum
sources

Mode CLEO PDG08  #o
J/p — yr° 0.363 4 0.036 £ 0.013  0.3379:9¢ 0.4
— 11.01+0.29+0.22 98+1.0 1.2
— ' 5244+12+1.1 471427 17
$(28) — y° < 0.07 < 54 -
— N < 0.02 < 0.9 -
— ' 1.19+£0.08+£0.03 1.36+0.24 —0.7
$(3770) — ~7° <3 - -
— < 0.2 (1.5) - -
-’ < 0.2 (1.8) - -




expected from continuum production as extrapo-
lated from the bottomonium energy region using
the only other measurement of ete™ — vn("), by
BABAR [483].

e Rosner [484] explores the implications of these
measurements on production mechanisms for P
(P=pseudoscalar) final states, in particular the
contribution of the vector dominance model
(through pr) to J/vb — ym°.

3.2.5.  Two-photon widths of charmonia

Considerable progress has been made with measure-
ments of the two-photon width of the 7.(15) and x.(1P)
states. Two different approaches have been used. The
first one uses the formation of a charmonium state in two-
photon collisions followed by the observation of its decay
products. In this case the directly measured quantity is
the product of the charmonium two-photon width and
the branching ratio of its decay to a specific final state.
A two-photon width can then be computed from the
product if the corresponding branching fraction has been
measured. Such measurements were performed at Belle
for the following decays: xco2) = 777, KTK~ [485],
776(15) — pp [486], Xco(2) — Kgng [487], Xco(2) —
7070 [488, 489] and at CLEO for the .o — J/v¥y
decay [490]. Belle also applied this method to study
the two-photon formation of the 7.(1S5), xco(1P) and
Xc2(1P) via various final states with four charged par-
ticles (27 27—, ntr~ KT K, 2K+t2K ™) and quasi-two-
body final states (pp, ¢d,nm, ...) [442,491]. In the latter
study [442], Belle also sought the two-photon production
of the 1.(2S5) and did not find a significant signal in any
four-body final state

The second method is based on the charmonium decay
into two photons. CLEO performed [492] such measure-
ments using the reactions ¥(25) = v1Xcs, XeJ = V273,
where v, is the least-energetic final-state photon in the
1(2S5) center-of-mass frame. Clear signals were observed
for the x.o and x.2, as shown in Fig. 43. (Two-photon
decay of spin-one states is forbidden by the Landau-Yang
theorem [493, 494]). Using the measured signal yield and
the previously-determined number of ¢ (2S) produced
(24.6 million), the product of the branching fractions is
determined as:

B(¥(28) = xe0) X B(xeo = 77) =
(2.1740.3240.10) x 107°,

B(1(25) = vxe2) X B(xe2 = 77) =
(2.68+0.284+0.15)x 1077,  (115)
World-average values for the ¥(25) — 7x.s branch-
ing fractions and total widths of the x.q(2) states can
then used to calculate the two-photon widths for the cor-
responding charmonia. In Table 27 we list these two-
photon widths, which result from a constrained fit to
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FIG. 43: From CLEO [492], the fitted spectrum for E(v1)
from the reaction ¥(2S) — YiXes, XeJ — Y273, Where
~1 is the least energetic photon in the ¥(2S) center-of-mass
frame. The expected positions of E(v1) from Xco, Xeci, Xe2
are marked with arrows. The dashed curve represents a fit of
the nonpeaking background to a polynomial. Adapted from
[492] with kind permission, copyright (2008) The American
Physical Society

TABLE 27: World-average values of the two-photon width
for various charmonium states from PDGO0S8 [18]

State
Iy (keV)

XcO(lp)
2.36 +0.25

Xe2(1P)
0.515 £ 0.043

ne(15)
7.2+0.7+£2.0

all relevant experimental information from PDGO08 [18].
Using those values, the experimental ratio becomes
T (xe2) /Ty (Xeo) = 0.220.03. The LO and a NLO de-
termination are shown in the first row of Table 23; some
relevant theoretical issues are discussed in Sect. 3.2.1.

As part of the J/¢p — 3v analysis described in
Sect. 3.2.3, CLEO [469] failed to find evidence for the
decay 7.(1S) — ~v. The product branching fraction
for the decay chain J/¢p — ~n.(15), n.(1S) — ~v
was measured to be (1.272-7 +0.3) x 1079 (< 6 x 10~¢
at 90% CL), which, using the CLEO [69] measurement
of B(J/Yp — n.(1S)) = (1.98 + 0.31)% (discussed in
Sect. 3.1.2), can be rewritten as

B(n.(18) = ) = (6.1%5%") x 107° (CLEO)

< 24x107* at 90% CL. (116)

This central value is smaller than but consistent with the
only other direct measurement of 7.(15) — vy measured
in BT — K*1.(19) decays by Belle [496], which obtains

Be(1S) = v7) = (24753) x 107 (Belle),  (117)

for which the Belle product branching fraction was un-



folded by PDGOS [18].

8.2.6. Dileptonic widths in the ¥ family

BABAR [497], CLEO [498-500], and KEDR [501] have
all performed measurements of dileptonic decays from the
narrow members of the 1 resonance family with much-
improved precisions. BABAR [497] pioneered the use of
vector charmonia produced through initial-state radia-
tion from eTe™ collisions collected for other purposes at
energies higher than the state being studied, in particu-
lar for the J/v¢ from /s = 10.58 GeV. CLEO followed
BABAR’s lead, studying J/1 [498] and (2S5 [500] mesons
from /s = 3770 MeV. KEDR [501] followed the more
straightforward route, which requires a dedicated scan
of the resonance. In both kinds of analyses the directly
measured quantity is T'(J/1y — ete™ ) x B(J /¢ — £107).
The dileptonic branching fraction can then be divided
out from the result once to obtain I'.. and twice for I'to¢.
CLEO and BABAR used only J/v¢ — ptp~ decays be-
cause the eTe™ final state has larger backgrounds from
radiative Bhabha events, whereas KEDR used dimuons
and dielectrons, obtaining the best precision to date. In
all three cases ete™ — £/~ and its interference with
the resonant signal must be addressed. The results are
listed in Table 28, where it can be seen that the four
measurements are consistent with one another and have
combined precision of 1.4%.

CLEO [499] also provided an independent mea-
surement of J/v¢ dileptonic branching fractions using
¥(28) — J/yrTr~, J/¢p — £ decay chains, and
normalizing to all J/1 decays produced via the 7w+n~
transition by fitting the dipion recoil mass distribution.

TABLE 28: Measurements of T'(J/v — eTe™) x B(J/¢ —
£7¢7) and their relative accuracies §; the weighted average
and its (x?/d.o.f.) are shown assuming lepton universality.
The two values from KEDR have some systematic uncertain-
ties in common and are shown separately below the average

Experiment — £t¢~ T(J/w —ete )x 0 (%)
B(J/¢p — £7¢7) (keV)

BABAR [497] ptp~ 0.3301 £ 0.0077 £ 0.0073 3.2

CLEO [498] wp*p~ 0.338440.0058 £0.0071 2.7

KEDR [501] ¢"¢~ 0.3321 4 0.0041 £ 0.0050 1.9

Avg (0.43/2) €T~ 0.3334 £ 0.0047 1.4

KEDR [501] ptp~
KEDR [501] efe”

0.3318 £ 0.0052 £ 0.0063 2.5
0.3323 +0.0064 £ 0.0048 2.4
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CLEO obtained
B(J/Y = ptp”) = (
B/ - ete) = (
B(J/y — eTe™) _

(

5.960 + 0.065 + 0.050)%
5.945 + 0.067 £ 0.042)%

99.7 + 1.2 4 0.6)%
B(J/Y — ptp~) )%

B(J/ — 0+07) =

5.953 + 0.070)%, (118)
consistent with and having uncertainties at least fac-
tor of two smaller than previous determinations. With
this measurement, the assumption of lepton universal-
ity, and the weighted average from Table 28, we obtain
Cee(J/¥) = 5.60 £ 0.10 keV (1.8%) and Ty (J/1) =
94.1 + 2.6 keV (2.7%), compared to relative uncertain-
ties on these quantities before any of these measurements
(PDGO4 [17]) of 3.1% and 3.5%, respectively.

For ¢(25), CLEO [500] used the decays %(2S5) —
XiJ/p, J/p — €747, where X; = #tn—, 770,
and 7, directly measuring the products B(y(2S) —
XiJ/Y) x Tee[tp(25)]. CLEO initially used B((2S) —
X;J/v) values from [445] to extract T'ce[¢(25)] = 2.54 +
0.11 keV (4.3%), but if instead we use CLEO’s updated
values [446], described below in Sect. 3.3.2, we obtain
Lee[t0(25)] = 2.407 + 0.083 keV (3.4%). We then obtain
the ratio Tee[10(29)]/Tee(J/%) = 0.43 £ 0.02, a quantity
which might be more precisely predicted in lattice QCD
than either T's, alone [211], in which we have used our
updated T'c[1(25)] and our world-average I'c.[J/1] from
above.

BES [502, 503] studied the energy range /s =3.660-
3.872 GeV to determine the resonance parameters of
¥(25) and (3770). From the fit of the cross sections
for D°D°, DD~ and non-DD production the branch-
ing fractions and partial widths for (25) — ete™ and
1 (3770) — eTe™ decays were determined. The results of
these measurements of I'c. [1)(25)] are shown in Table 29,
where the improvement since 2004 can be observed.

Decays of the 1(25) into 7-lepton pairs are less prob-
able and therefore less studied. BES [504] used a sample
of 14 million produced ¥(25) to measure the correspond-
ing branching fraction. The result, B(¢(2S) — 7t77) =
(3.08 £ 0.21 £ 0.38) x 1073, has better relative preci-

TABLE 29: Measurements of I'ce(¢(2S5)) and their relative
accuracies . The CLEO value quoted has been updated with
branching fractions from [446] and the weighted-average with
(x*/d.o.f.) of the top three measurements is given

Experiment I'((28) = ete™) (keV) 0 (%)
CLEO [446, 500] 2.407 £ 0.083 3.4
BES [502] 2.330 £ 0.036 £0.110 5.0
BES [503] 2.388 + 0.037 £+ 0.096 4.3
Avg (0.29/2) 2.383 + 0, 056 2.3
PDGO04 [17] 2.124+0.12 5.7




sion (14%) than previous measurements [505, 506]. Us-
ing part of their statistics KEDR measured I'(¢(2S) —
ete™) x B(¥(2S) — 7777) to be 9.0 + 2.6 eV [507],
which, using the average from Table 29, implies a value
B((28) — 7777) = (3.8 £ 1.1) x 1073, consistent with
but considerably less precise than the result from BES.

CLEO [508] measured the hadronic cross section at
a single energy point near the peak of the (3770),
Vs = 3773 MeV, taking interference between the final
states of resonance decays and nonresonant e™e™ annihi-
lation into account. From the observed cross section,
which is significantly smaller than some of the previ-
ous measurements [8, 11], T'..[(3770)] is also obtained.
In a scan over the ¥(3770) energy region, 68 energy
points in the range 3.650-3.872 GeV, BES [509] measured
R =o(ete” — hadrons)/o(eTe™ — uTp™), determin-
ing the parameters of the ¢ (3770) resonance, including
the leptonic width. The results of the described mea-
surements of T'..[¢)(3770)] are shown in Table 30, where
it can be seen that world-average uncertainty improved
by more than a factor of two between 2004 and 2010.

Finally, BES [13] performed a global fit of R in the
energy range 3.7-5.0 GeV, covering the four resonances,
¥ (3770), ¥(4040), ¥(4160), and )(4415) [15]. Interfer-
ence between the four ¢ states was accounted for (which
was not the case for the I'..[1)(3770)] measurements in
Table 30) and an energy-dependent width based on all
accessible two-body decay channels was used. The re-
sults are shown in Table 31. It can be seen that the
new results have larger uncertainties than previous ones,
which ignored interference with higher-mass v states.

8.2.7. Dileptonic widths in the Y family

CLEO [510-512] has made a systematic study of dilep-
tonic decays of the narrow states in the Y family. To
determine dimuonic branching fractions, the quantities

Buu = TI'ypu/Thaa are measured for each Y(nS), where
T, (Thaa) is the rate for T decay to ptp~ (hadrons).

TABLE 30: Measurements of I'ce(¢(3770)) and their relative
accuracies . The BES and CLEO results listed do not include
the potential effect of interference with higher-mass ¥-states

Experiment I'(¢(3770) = ete™) (keV) o (%)
PDG04 [17] 0.26 + 0.04 15.4
CLEO [508] 0.203 + 0.003+9-:04 +20.0
BES [502] 0.251 = 0.026 = 0.011 11.2
BES [50] 0.277 £ 0.011 £ 0.013 6.1
PDG10 [447] 0.259 + 0.016 6.2
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TABLE 31: . of the higher v states from PDGO04 [17] and
the BES [15] global fit

Resonance Tee (keV) Tee (keV)
from PDG04 from BES
P(3770) 0.26 £ 0.04 0.22 +0.05
1(4040) 0.75+0.15 0.83 £0.20
¥(4160) 0.77+£0.23 0.48 £ 0.22
¥(4415) 0.47 +0.10 0.35+0.12
Assuming lepton universality,
r B
B/m =B (119)

Tiot 1438,

The results of this analysis, based on much larger data
samples than available to previous experiments, are sum-
marized in Table 32. While the result for the Y(15) is
in good agreement with the world average, the CLEO re-
sults for the T(2S5) and T(3S5) are about 3¢ larger than
previous world averages. However, the CLEO values are
confirmed by their proximity to 77~ branching fraction
measurements, which are discussed below.

In order to measure a quantity very close to Dee,
CLEO [511] performed dedicated scans to measure the

integral of the T production cross section over incident
+

eTe” energies to determine
- FeeF a
oo =~
1_‘tot
~ m2
T = 6—2 /a(e*e* — T — hadrons) dE . (120)
m

The resulting values, listed in Table 33, are consistent
with, but more precise than, the PDG world averages.
CLEO [512] also addressed the third dileptonic width,
I, (making the first observation of the decay Y(35) —
7777) and measured precise values of B../B,, for
T(nS), n = 1,2,3, as shown in Table 34. Using the
CLEO values of By, [510] (discussed above) allowed re-
porting of the absolute B, values as well. The re-
sults obtained are consistent with the expectations from

TABLE 32: Dimuonic branching fractions of the narrow T
states from PDGO04 [17] and CLEO [510]

Resonance B (%) By (%)
from PDG04 from CLEO
T(1S) 2.48 £0.06 2.494+0.02 £0.07
T(29) 1.31+0.21 2.03 £ 0.03 £ 0.08
T(35) 1.81 +0.17 2.394+0.07£0.10




TABLE 33: From CLEO [511],
Teelhad/Tiot for the narrow T states

measured values of
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TABLE 35: Values of T'tot for the Y(1S5,2S5,3S) from
PDGO4 [17], CLEO [510], and PDGOS [18]

Resonance Feel'naa/Tiot (keV)

T(lS) 1.252 +0.004 £+ 0.019
T(25) 0.581 4+ 0.004 £ 0.009
1(35) 0.413 £ 0.004 = 0.006

TABLE 34: From CLEO [512], measured 7-pair branching
fractions of the narrow T states and ratios to corresponding
dimuonic rates

Resonance Brr/Bup Brr (%)

T(1S) 1.02 +0.02 £ 0.05 2.54+£0.04 £0.12
T(25) 1.04 +0.04 £ 0.05 2.11£0.07+£0.13
T(35) 1.05 £ 0.08 £ 0.05 2.52+£0.19+0.15

the Standard Model, and B, values for Y(15,25) have

much-improved precision over previous measurements.

The total width of the resonances can be expressed as

FG(’,

FO:—7
T By (1= 3B,

(121)

where T, is measured as in Eq. (120), and which, when
combined with the more precise B,,, also described above,
yields improved measurements of the total widths T'yoy.
The larger B, for T(2S,3S) as determined by CLEO
(validated by consistent values of B;,) leads to smaller
and more precise 't (2, 35), as seen in Table 35.

Improved measurements of the T(45) parameters were
reported by BABAR [513]. Three scans of the energy range
/s = 10.518 — 10.604 GeV were performed with 11, 7,
and 5 energy points, respectively, with integrated lumi-
nosity of typically 0.01 fb~! per point. This information
was complemented by a large data sample of 76 fb~! col-
lected at the peak of the Y(4S), from which the cross
section at the peak was determined. The nominal /s
values of the scans were corrected using an energy cali-
bration based on the dedicated run at the Y(35). A fit
of the energy dependence allows a determination of the
T(4S) parameters, among them mass, total, and elec-
tronic width, obtaining

m(Y(48)) = 10579.3 4+ 0.4 + 1.2 MeV
Tiot(T(49)) = 20.74 1.6 +2.5 MeV
Lee(T(4S)) = 321 £17+£29 eV, (122)

all of which dominate the PDGO8 [18] world averages.

T(ns) Tiot (keV)

PDG04 CLEO PDGO8
T(15) 53.0£ 1.5 52.8 + 1.8 54.02 +1.25
T(25) 43+ 6 29.0£1.6 31.98 4+ 2.63
T(35) 26.3+3.4 20.3 £2.1 20.32 +1.85

3.3. Hadronic transitions

8.83.1. Theoretical status

The general form for a hadronic transition is

®; = @+ h (123)
where ®;, ®; and h stand for the initial state, final state
quarkonia, and the emitted light hadron(s). In the c¢ and
bb systems, the mass me, — Mg, varies from a few hun-
dred MeV to slightly over a GeV, so the kinematically
allowed final light hadron(s) h are dominated by single-
particle (7, 1, w, ...) or two-particle (27 or 2K) states.
The low momenta of the light hadrons in these transi-
tions allow the application of chiral lagrangian methods.
To date, over twenty hadronic transitions have been ob-
served experimentally.

Hadronic transitions are important decay modes for
low-lying heavy quarkonium states. In fact, the first
observed hadronic transition, ¥(2S) — 7nJ/1y, has a
branching fraction recently measured by CLEO [446] to
be (52.7 £ 1.3)% (see Sect. 3.3.2). Calculating such
transitions requires nonperturbative QCD. The stan-
dard approach is a QCD Multipole Expansion (QCDME)
for gluon emission, which is modeled after the multi-
pole expansion used for electromagnetic transitions (see
Sect. 3.1.1).

Many contributed to the early development of the
QCDME approach [158, 514, 515], but Yan [516] was
the first to present a gauge-invariant formulation within
QCD. For a heavy QQ bound state, a dressed (con-
stituent) quark is defined as

b(x, 1) = U (x, 8) 9(x), (124)
where () is the usual quark field and U is defined as a
path-ordered exponential along a straight line from X =
(x1 + X2)/2 (the center-of-mass coordinate of Q and Q)
to x,

U(x,t) = Pexp [igs /Xx A(xXt) -dx’] . (125)

Gluon-field color indices have been suppressed. The



dressed gluon field is defined by
Au(x,t) = UM (x,1) Au(2) U(x, 1)

LU x, 1) 0,U(x, 1) .

. (126)

Now we can make the QCD multipole expansion, in pow-
ers of (x —X)-V operating on the gluon field in exact
analogy with QED:

Ag(x,t) = Ag(X,t) — (x—X) - E(X,t) 4 -

A(X,1)

1
—§(X—X) x B(X,t)+--- (127)
where E and B are color-electric and color-magnetic
fields, respectively. The resulting Hamiltonian for a
heavy QQ) system is then [516]
e 0 1 2

Heyy = HSYp + HYlp + Hoop (128)
with Hg)()}D taken as the zeroth-order Hamiltonian, even
though it does not represent free fields but instead the
sum of the kinetic and potential energies of the heavy
quarks. We also define

1 a
Hilp = Qu A§(X,1), (129)

in which @, is the color charge of the QQ system (zero
for color-singlets), and

Hg()}D = —d,-EYX,t)—m,-B*(X,t)+--- , (130)
which is treated perturbatively. The quantities
d, = gE/d% Of (x = X) ¢ (131)

and
mi:gM/Q/d?’x z/;Teijk(x—X)j'y;ctad; (132)

are the color-electric dipole moment (E1) and the color-
magnetic dipole moment (M1) of the QQ system, re-
spectively. Higher-order terms (not shown) give rise to
higher-order electric (E2, E3, ...) and magnetic moments

(M2, ...). Because Hg()jD in Eq. (130) couples color-
singlet to octet QQ states, the transitions between eigen-
states |i) and |f) of H((QOC)JD are at least second-order in
H, ((;()JD. The leading-order term is given by:

1

0 : 1 ’Z> =
E; — HSYp + 80 — Hylp

1 .
g;(f h|H2|KL>m<KL|H2|z>, (133)

(f h| He

where the sum KL is over a complete set of color-octet
QQ states |K L) with associated energy Fxr. Finally, a
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connection is made to the physical hadronic transitions in
Eq. (123) by assuming factorization of the heavy-quark
interactions and the production of light hadrons. For
example, the leading order E1-E1 transition amplitude
is:

M(®; — &f +h) =
15~ KD (L )
24 KL FE;, — Fxr,

(h|E*E]|0) .(134)

The allowed light hadronic final state h is determined
by the quantum numbers of the gluonic operator. The
leading order term E1-El in Eq. (133) has CP = ++
and L = 0,2 and hence couples to 2m and 2K in [ =0
states. Higher-order terms (in powers of v) couple as
follows: E1-M1 in O(v) with (CP = ——) couples to w;
E1-M1, E1-E2 in O(v) and M1-M1, E1-M2 in O(v?) with
(CP = +—) couples to both 7° (isospin-breaking) and
1 (SU(3)-breaking); and M1-M1, E1-E3, E2-E2 (CP =
++) are higher-order corrections to the E1-E1 terms.
Applying this formulation to observed hadronic tran-
sitions requires additional phenomenological assump-

tions. Following Kuang and Yan [516, 517], the heavy

QQ bound states spectrum of H, ©) s calculated
QCD

by solving the state equation with a given potential
model. The intermediate octet QQ states are modeled
by the Buchmueller-Tye quark-confining string (QCS)
model [518]. Then chiral symmetry relations can be em-
ployed to parametrize the light hadronic matrix element.
The remaining unknown coefficients in the light hadron
matrix elements are set by experiment or calculated using
a duality argument between the physical light hadron fi-
nal state and associated two-gluon final state. A detailed
discussion of all these assumptions can be found in the
QWG review [1].

For the most common transitions, h = 7wy + 73, the
effective chiral lagrangian form is [519]

1

2
9E a
B (1 ma| BY Eoj |0) = ———ee—
g (mmel BB |0) = —esroes

[01 0ij 4 qop +

2
Co (q1k 921 + q11 G21 — 3 05 4 Gop )] (135)
If the polarization of the heavy QQ initial and final states
is measured, more information can be extracted from
these transitions and a more general form of Eq. (135)
is appropriate [520].

Important single light-hadron transitions include those
involving the 7, 7%, or w mesons. The general form of
the light-hadronic factor for the 7 transition, which is
dominantly E1-M2, is [521]

Ge M a a . 3

T<77|Ei 9;B§|0) = i(2m)> Csq; . (136)
The 7° and 7 transitions are related by the structure
of chiral symmetry-breaking [522]. Many more details



for these and other transitions within the context of
the Kuang-Yan model can be found in the review of
Kuang [521].

A summary of all experimentally observed hadronic
transitions and their corresponding theoretical expecta-
tions within the Kuang-Yan (KY) model is presented in
Table 36. The experimental partial widths are deter-
mined from the measured branching fractions and total
width of the initial state. If the total width is not well-
measured, the theoretically-expected width is used, as
indicated. The theory expectations are adjusted using
the current experimental inputs to rescale the model pa-
rameters |C1| and |Cs| in Eq. (135) and |C3| in Eq. (136).

The multipole expansion works well for transitions of
heavy QQ states below threshold [81]. Within the spe-
cific KY model a fairly good description of the rates for
the two-pion transitions is observed. The partial width
T(T(3S) — Y(1S)r+7~) was predicted to be suppressed
due to cancellations between the various QCS interme-
diate states [517], allowing nonleading terms, O(v?), to
contribute significantly. The non-S-wave behavior of the
m+,— dependence in Y(35) decays, also observed in the
Y(45) — YT(2S)rT 7~ transitions, may well reflect this
influence of higher-order terms. Other possibilities are
discussed in Sect. 3.3.11. For single light-hadron transi-
tions some puzzles remain. For example, the ratio

L(Y(2S) — nY(1S))
[((25) = nJ/$(15))

is much smaller than expected from theory (see
Sect. 3.3.6).

The situation is more complicated for above-threshold,
strong open-flavor decays. The issues are manifest for
T(5S5) two-pion transitions to T(nS) (n =1,2,3). First,
states above threshold do not have sizes that are small
compared to the QCD scale (e.g., /(r?)ys) = 1.2 fm),
making the whole QCDME approach less reliable. Sec-
ond, even within the KY model, the QCS intermediate
states are no longer far away from the initial-state mass.
Thus the energy denominator, E; — Ex in Eq. (134),
can be small, leading to large enhancements in the tran-
sition rates that are sensitive to the exact position of the
intermediate states [528]. This is the reason for the large
theory widths seen in Table 36. Third, a number of new
states (see Sects. 2.3) that do not fit into the conventional
QQ spectra have been observed, implying additional de-
grees of freedom appearing in the QCD spectrum beyond
naive-quark-model counting. Hence the physical quarko-
nium states have open-flavor meson-pair contributions
and possible hybrid (QQg) or tetraquark contributions.
The effect of such terms on hadronic transitions is not
yet understood [531]. A possibly-related puzzle is the
strikingly-large ratio

['(Y(4S) = Y(1S)n)
(Y(4S) - Y(1S)ntn—)

(137)

R, [Y(4S)] = ~25. (138)

This ratio is over a hundred times larger than one would
expect within the KY model, which is particularly sur-
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TABLE 36: Partial widths for observed hadronic transitions.
Experimental results are from PDGO08 [18] unless otherwise
noted. Partial widths determined from known branching frac-
tions and total widths. Quoted values assume total widths
of Tiot(xp2(2P)) = 138 £ 19 keV [523], Tiot(xs1(2P)) =
96 & 16 keV [523], Tot (T(1°D2)) = 28.5 keV [524, 525] and
Dot (Y(5S)) = 43 £4 MeV [36]. Only the charged dipion
transitions are shown here, but the corresponding measured
7970 rates, where they exist, are consistent with a parent
state of I = 0. Theoretical results are given using the Kuang
and Yan (KY) model [517, 521, 526]. Current experimental
inputs were used to rescale the parameters in the theory par-
tial rates. (|C1| = 10.2 £0.2 x 1073, C2/C1 = 1.75 + 0.14,
Cs/C1 = 0.78 = 0.02 for the Cornell case)

Transition Ipartial (keV) partial (keV)
(Experiment) (KY Model)
¥(285)
= J/p+rTn 102.3 + 3.4 input (|C1])
—J/Y+n 10.0£04 input (C3/Ch)
— J/p + 7° 0.41140.030 [446]  0.64 [522]
— he(1P) + 7° 0.26 +0.05 [47]  0.12-0.40 [527]
$(3770)
= Jp+ata 52.74+17.9 input (Ca/Ch)
— J/b+n 24 £ 11
¥(39)
= J/p+rtn < 320 (90% CL)
T(25)
= Y18+t 5.79 & 0.49 8.7 [528]
— T(1S) +n (6.7+£2.4) x 1073 0.025 [521]
T(13Ds)
= TAS) +7Tw~  0.188 4 0.046 [63] 0.07 [529]
xb1(2P)
— xp1(1P) + 7w~ 0.83 4 0.33 [523] 0.54 [530]
= Y(1S) +w 1.56 4 0.46
xv2(2P)
— xp2(1P) + 7w~ 0.83 4 0.31 [523] 0.54 [530]
- TAS) +w 1.52 4 0.49
T(39)
= Y(S) + 7t 0.894 4 0.084 1.85 [528]
—T(18)+n <3.7x1073 0.012 [521]
- Y(28) + 7t 0.498 4 0.065 0.86 [528]
T(4S)
= TAS) +atw~ 1.64 4 0.25 4.1 [528]
— T(S) +1n 4.02 4 0.54
- Y29 +ntr 1.76 £0.34 1.4 [528]
Y (55)
= TAS) + 7t 228 + 33
- TAS)+ KK~ 26.2 + 8.1
= T2S)+ntr 335 + 64
= T(3S) +ntr 206 =+ 80




prising, since the similarly-defined ratio, R,[Y(25)] ~
1073, is actually less than half of the KY model expecta-
tions (see Table 36) and the experimental upper bound on
R,[Y(39)] is already slightly below KY-model expecta-
tions. Much theoretical work remains in order to under-
stand the hadronic transitions of the heavy QQ systems
above threshold.

Many of the new XY Z states (see Sects. 2.3) are
candidates for so-called hadronic molecules. If this
were the case, and they indeed owe their existence to
nonperturbative interactions among heavy mesons, the
QCDME needs to be extended by heavy-meson loops.
These loops provide nonmultipole, long-ranged contri-
butions, so as to allow for the inclusion of their influ-
ence. However, if hadron loops play a significant, some-
times even nonperturbative, role above DD threshold,
one should expect them to be at least of some importance
below the lowest inelastic threshold. Correspondingly,
one should expect to find some systematic deviations be-
tween quark-model predictions and data. By including
intermediate heavy-meson effects within the framework
of QCDME [532, 533], improved agreement with the ex-
perimental data on dipion transitions in the @ and T
systems was obtained.

Alternatively, a nonrelativistic effective field theory
(NREFT) was introduced [534] that allows one to study
the effect of heavy-meson loops on charmonium transi-
tions with controlled uncertainty. In this work, it was
argued that the presence of meson loops resolves the
long-standing discrepancy between, on the one hand, the
values of the light-quark mass-differences extracted from
the masses of the Goldstone bosons, and on the other,
the ratio of selected charmonium transitions, namely
¥(28) — J/Yr®/p(2S) — J/ym. NREFT uses the
velocity of the heavy mesons in the intermediate state,
v ~ \/|m —2mpl|/mp, as expansion parameter. Thus,
for transitions of states below DD threshold, the analytic
continuation of the standard expression is to be used. For
low-lying charmonium transitions, v is found to be of or-
der 0.5. A typical transition via a D-meson loop may
then be counted as

v¥/(v?)? x vertex factors . (139)

For the transition between two S-wave charmonia, which
decay into D™ D) via a P—wave vertex, the vertex fac-
tors scale as v2. Thus the loop contributions appear to
scale as order v, and, for values of the velocity small
relative to those that can be captured by QCDME, are
typically suppressed. However, in certain cases enhance-
ments may occur. For example, for ¢(25) — J/¢r" and
¥(28) — J/yn, flavor symmetry is broken, and therefore
the transition matrix element needs to scale as d, the en-
ergy scale that quantifies the degree of flavor-symmetry
violation in the loop and which originates from the mass
differences of charged and neutral D-mesons. However,
if an energy scale is pulled out of the integral, this needs
to be balanced by removing the energy scale v? from the
power counting. Thus the estimate for the loops con-
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tribution scales as 6 /v compared to the piece of order ¢
that emerges from QCDME. Hence, for certain transi-
tions, meson loops are expected to significantly influence
the rates.

The contributions of heavy-meson loops to charmo-
nium decays follow a very special pattern. They are ex-
pected to be more important for charmonia pairs close
to the lowest two-meson threshold. In addition, loops
appear to be suppressed for transitions between S and P
wave charmonia [535]. These conjectures can be tested
experimentally by systematic, high-precision measure-
ments of as many transitions as possible. Once the role
of meson loops is established for transitions between con-
ventional heavy quarkonia below or very close to open-
flavor threshold, an extension from perturbative to a non-
perturbative treatment might lead to a combined analy-
sis of excited charmonia and at least a few of the XY Z
states.

3.8.2.  Branching fractions for 1(2S) — X J/¢

Precision measurements of the hadronic transitions
¥(25) — X J/4 are important for a number of reasons
beyond the obvious one of providing an accurate nor-
malization and accounting for 1(2S5) decays. First, they
allow experimental comparisons with increasingly sophis-
ticated theoretical calculations (see Sect. 3.3.1). Sec-
ond, they can be used in comparisons with the analo-
gous Y transitions in the bottomonium system. Finally,
the transitions provide a convenient way to access the
J /1, where the transition pions in (25) — w7~ J/1,
for example, can be used in tagging a clean and well-
normalized J/¢ sample. Using its full sample of 27 mil-
lion t(25) decays, CLEO [446] measured these rates with
substantially improved precision over previous measure-
ments. The analysis measures B(¢)(2S) — 77~ J /1) in-
clusively, selecting events based upon the mass recoiling
against the transition dipion and placing no restriction on
the J/1 decay. Its uncertainty is dominated by a 2% sys-
tematic error on the produced number of ¥(25). Other
transitions to J/4, the exclusive modes through 797°%, n,
70, and ¥(25) — yxes — YvJ/1, as well as the inclusive
rate for ¥(25) — J/i¢ + any, are all measured relative
to the 777~ transition and use J/1) — £T£~, thereby re-
ducing systematic error from the number of ¢)(2S5), which
cancels in the ratios. These relative rates are measured
with precision from 2-6%. The absolute branching frac-
tions determined from this analysis are shown in Table 37
which are higher values than most previous measure-
ments. The ratio of 7%7° to #¥ 7~ transitions is consis-
tent with one-half, the expectation from isospin invari-
ance, which was not the case in some earlier analyses.
See Sect. 3.1.5 for a discussion of the yyJ/v portion of
this analysis, which addresses the product branching frac-
tions B(¥(25) — vxes) X B(xes — vJ/¢) and whether
any nonresonant such final states are present.



TABLE 37: Results from the branching fraction analyses for
1(2S) and (3770) decays to XJ/9 from CLEO [446, 500]

Quantity 1(28) (%) ¥(3770) (%)
B(rtr~J/4y) 35.04+0.07 £0.77 0.189 £ 0.020 + 0.020
B(r°7°J/)  17.6940.08 £0.53 0.080 % 0.025 £ 0.016
B(nJ/) 3.43+0.04 £0.09 0.087 & 0.033 + 0.022
B(r°J /1) 0.133 4 0.008 £ 0.003 < 0.028 at 90% CL
B(J/# 4 any) 62.54+0.16 +1.55 -
B(x°w® /)
—— i AT+ 1.04 4241
BlxnJ]0) 50.47 + 1.0 7

3.8.3.  Observation of (2S) — 7°h.(1P)

The hadronic transition ¥(25) — 7h.(1P) was first
observed by CLEO for h.(1P) — ~n.(1S) [45, 46]
and later seen for h.(1P) — 2(zt7 )" [536] (see
Sect. 3.4.2). However, those analyses could only mea-
sure product branching fractions. BESIIT [47] has used
its much larger 106 million ¥ (25) sample to inclusively
measure B(1(2S) — 7%h.(1P)) by observing a signifi-
cant enhancement at the h.(1P) in the mass recoiling
against a reconstructed 7%, with none of the h.(1P) de-
cay products reconstructed. The result is B(y(25) —
7he(1P)) = (8.4 4 1.3+ 1.0) x 1074, in agreement with
the range predicted in [527] (see Table 36).

3.3.4. Nomobservation of n:(2S) — w77 n.(1S)

The historically uncooperative nature of the 7.(25)
has continued into the modern era, despite its discov-
ery (Sect. 2.2.2). CLEO [68] failed not only to see 7.(25)
in radiative transitions (Sect. 3.1.4), but also failed to
observe the expected dipion transition to 7.(1S), setting
the upper limit

B(4(28) = yn.(25)) x B(ne(2S) — 77 n(15))
< 1.7x10% at 90% CL. (140)

3.3.5.  Observation of 1(3770) — X J/v

Hadronic transitions of the ¢(3770) to J/v¢ are sen-
sitive to the relative sizes of the 23S; and 13D; ad-
mixture contained in the t(3770), and thus, at least in
principle, contain information about the nature of the
¥(3770). BESII [537] first reported evidence for the
transition ¥(3770) — 77~ J/1¢ at ~ 30 significance us-
ing approximately 2 x 105 1(3770) decays. CLEO [500],
with roughly 2 x 105 ¢(3770) decays, later observed the
mtw~ transition at 11.60, and also found evidence for
the 797%J /v (3.40) and nJ/v¢ (3.50) transitions. The
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CLEO results appear in Table 37. With more data, these
hadronic transitions could be used to shed light on the
cc purity of the 1(25) and (3770) states [538].

3.8.6.  Observation of T(25) — nT(15)

The observation of T(2S5) — nY(1S) using 9 million
T(2S) decays collected with the CLEO III detector rep-
resents the first observation of a quarkonium transition
involving the spin flip of a bottom quark. The tran-
sition rate is sensitive to the chromomagnetic moment
of the b quark. Using three decay modes, n — ~7,
7t~ 70, and 37°, CLEO [539] observes 13.9735 events
of the form Y(25) — nY(1S) (Fig. 44). Using the dif-
ference in log-likelihood for fits with and without signal,
it was determined that this corresponds to a 5.3 o ob-
servation. Correcting for acceptance and incorporating
systematic errors, the observed number of events trans-
lates to a branching fraction of

B(T(2S) = nY(1S)) = (2170 +0.3) x 1074
B(T(3S) = nY(1S)) < 1.8 x 107" at 90% CL. (141)

The 2S5 rate is a factor of four smaller than one would
expect scaling from the analogous charmonium transition
rate, ¥(25) — nJ/¢. Similarly, the 35 limit is already
two times smaller than what one would expect from the
same scaling. The interpretation of this pattern is still
unclear.

3.8.7.  Observation of xp1,2(2P) = wY(15)

In 2003, CLEO [540] reported the observation of the
decay chain Y(3S) — yxbJ(2P), xbJ(2P) — wY(1S5),
for J = 1,2, with w — 7#f7~ 7% and Y(15) — (T¢~,
for which there is marginal phase space available, and
measured

B(xp: — wY(18)) = (1.631035+0.16)0

B(xpz = wT(18)) = (1102555 45:19)% (142)

The relative rates are comparable, in agreement with
Voloshin’s prediction [541] on the basis of S-wave phase
space factors and the F1 x E1* E1 gluon configurations
expected by the multipole expansion.

3.8.8. Dipion transitions from Y(25,35)

The double-hump dipion invariant mass distribution
in T(35) — Y(15)nw transitions has been thought to be
at least puzzling, and frequently thought to be anoma-
lous, indicative of either new physics or an intermedi-
ate scalar dipion resonance. However, a CLEO [542]
analysis has offered an alternative to these character-
izations; simply, that dipion-quarkonium dynamics ex-
pected to occur within QCD are responsible. Brown and
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FIG. 44: From CLEO [539], the invariant mass of the 1 can-
didate for (a) T(25) — n Y(15) and (b) T(3S) — n T(15) for
n-mesons exclusively reconstructed in the three decay modes
n — vy, ntn 7%, and 37°. In each case, the solid curve
corresponds to the best fit to a flat background and signal.
The dotted curve represents (a) the best-fit background, and
(b) the 90% CL upper limit for a signal. Adapted from [539]
with kind permission, copyright (2008) The American Physi-
cal Society

Cahn [519] derived the general matrix element for dipion
transitions from heavy vector quarkonia; it is constrained
by PCAC and simplified by treating it as a multipole ex-
pansion [514, 516, 543]. This general matrix element has
three terms: one proportional to (m2_ — 2m?2), one pro-
portional to the product E7FEs of the two pion energies
in the parent rest frame, and a third which characterizes
the transition requiring a b-quark spin-flip. Although the
third chromomagnetic term is thought to be highly sup-
pressed, and therefore ignorable, even the second term
had generally been neglected prior to the CLEO analysis.
Sensitivity to the second term, which is also proportional
to cosfx, Ox being the dipion helicity angle, is greatest
at low m,,, where experiments using only charged pions
can only reconstruct very few events: soft charged parti-
cles curl up in the detector magnetic field before reaching
any tracking chambers. The notable aspect of the CLEO
analysis is not only that it fits for all three terms with
complex form factors A, B, and C, respectively, but also
that it performs a simultaneous fit to dipion transitions
through both charged and neutral pion pairs. The lat-
ter subset of the data enhances sensitivity to the cosfx
dependence because even when neutral pions are slow,
frequently both 7%-decay photons can be reconstructed
in the calorimeter.
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Results are shown in Fig. 45 and Table 38, from which
the following conclusions are drawn:

e The CLEO data in all three T dipion transitions
can be represented well by a two-term form of the
matrix element, provided the form factors are al-
lowed to be different for all three decays.

e Sensitivity of the CLEO data to the chromomag-
netic term, i.e., to a nonzero value of C/A, is small
because the functional dependencies of the B and
C terms are quite similar; a much larger dataset of
T(3S) — Y(1S)nn is required to probe this com-
ponent. None of the three T dipion transitions re-
quire a nonzero C/A; i.e., there is no evidence yet
that spin-flips play a significant role in these de-
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butions for the transitions (a), (b) Y(3S) — Y(1S)nm, (c),
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ata™ (7°7°) transitions generated with the best-fit param-
eters in Table 38. Adapted from [542] with kind permission,
copyright (2007) The American Physical Society



TABLE 38: Results from fits to the CLEO [542] T(mS) —
¥ (nS), (m, n) = (3, 2), (3, 1), (2, 1) transitions data for
the complex form factors (A, B, C) of the three terms, and
the associated phase angle, d5.4. The phase angles are quoted
in degrees, and have a two-fold ambiguity of reflection in the
real axis. The first three fits constrain the chromomagnetic
coefficient to be zero (C = 0), but C floats in the fourth fit.
The operators R and Z denote real and imaginary parts, re-
spectively

Transition Quantity Value
T(3S) - Y(1S)n~w R(B/A) —2.52+0.04
SI(B/A) +1.19 £ 0.06
(€C=0) |B/ A 2.79+£0.05
oBa (%) 155 (205) £ 2
T(25) - Y(1S)nw R(B/A) —0.75£0.15
SI(B/A) 0.00 £0.11
(€C=0) |B/ A 0.75£0.15
0BA (O) 180+ 9
T(3S) = Y(28)n~w R(B/A) —0.40£0.32
(c=0) S(B/A) 0.00 + 1.1
T(3S) —» Y(1S)nw |B/A] 2.89 +£0.25
|IC/A| 0.45 + 0.40

(C floats) < 1.09 (90% CL)

cays. In the case of T(3S) — YT(15)nm, where a
slight sensitivity to this term exists, an upper limit
of |C/A| < 1.09 at 90% CL is given.

e The dynamics in Y(25) — Y(1S)rm are repro-
duced by the fits, but only if nonzero values of
B/A are allowed. The data in this transition are
described well without any complex component in

B/ A.

e The two-peak structure in Y(35) — Y(1S5)nw is
reproduced without any new physics or any inter-
mediate dipion resonances, B/A is found to have
a significant complex component, and the dipion-
helicity form factor is nearly three times larger than
that of the dipion-mass-dependent term.

Dubynskiy and Voloshin [520] comment further, on both
the formalism and prospects for learning more from such
decays. They cast doubt upon the possibility that B can
have have a complex component when C = 0, on general
principles; conclude that B and C terms are degenerate
unless C is set to zero; and suggest resolving the B-C
terms’ degeneracy by including initial- and final-state po-
larization information in fits to experimental data.
CLEO [544] used the matrix elements determined
above to obtain correct efficiencies in the first new mea-
surement of these transition branching ratios in a decade.
BABAR [545] followed suit soon after, using radiative re-
turns from e*e™ collisions at 10.58 GeV and the nearby
continuum to the narrow Y states as a source. Both
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groups used T — £7¢~ decays; BABAR used only charged,
fully-reconstructed dipions, whereas CLEO used both
charged and neutral, except for T(3S) — 7Y(25)nm,
where the low efficiency for charged track reconstruc-
tion made the charged mode too difficult to normal-
ize precisely. CLEO gained some statistical power by
performing both exclusive (Y — £7£7) and inclusive
(Y — any) versions for each transition; in the latter
case the signal was obtained by a fit to the invariant
mass recoiling against the dipion for a smooth back-
ground and signal term peaking at the appropriate YT
mass. BABAR extracted signals by fitting distributions
of Am = m(rTn=¢T¢~) — m(£T¢~) for a smooth back-
ground and signal at the mass difference appropriate for
the desired parent T, after cutting on m(£T¢~) around
the mass appropriate for the desired daughter Y. The
combination of CLEO and BABAR branching fractions, as
shown in Table 39, which are consistent with each other
and previous measurements, made significant improve-
ments to the branching fraction precisions and dominate
the PDG10 [447] world averages shown.

TABLE 39: Branching fractions for bottomonium dipion
transitions T(nS) — 7mn¥(mS) for n = 2,3 and m < n, as
compiled by the Particle Data Group as indicated and as mea-
sured by CLEO and BABAR; the PDG10 [447] (PDGO08 [18])
numbers include (do not include) the CLEO [544] and
BABAR [545] results

Transition B (%) Source
T(2S) — 77 Y(1S) 18.84+0.6 PDGOS [18]
18.0240.02 £ 0.61 CLEO [544]
17.2240.17+£0.75 BABAR [545]
18.1+£0.4 PDG10 [447)
T(25) = 7°7° T(15) 9.0+0.8 PDGOS [18]
8.4340.16 £0.42 CLEO [544]
8.6 +0.4 PDGI10 [447]
Y(39) — nta™ T(1S) 4.48 £0.21 PDGOS [18]
4.46+0.01+£0.13 CLEO [544]
4.17+0.06 £0.19 BABAR [545]
4.40 +0.10 PDG10 [447]
T(3S) — 7% Y(19) 2.06 £ 0.28 PDGOS [18]
2.2440.09£0.11  CLEO [544]
2.20+0.13 PDG10 [447]
Y(3S) — ntaw™ Y(25) 2.84+0.6 PDGOS [18]
2.404+0.10 £0.26  BABAR [545]
2.45 +0.23 PDG10 [447]
T(3S) = 77" T(25) 2.00 + 0.32 PDGOS [18]
1.82+£0.0940.12 CLEO [544]
1.85+0.14 PDG10 [447)




8.3.9.  Observation of Y(1*°D;) — 77 n~ Y (1S)

The Y(1°D;) — 777~ YT(1S) measurements from
BABAR [63] (see Sect. 2.2.7) represent the only available
data on hadronic transitions of the T (13D ) states. Par-
tial rates are expected to be independent of J [526].
Using predicted [524] branching fractions for Y(35) —
"yXbJ/(QP) and XbJ/(QP) — 'YT(lSDJ), BABAR quotes

B(Y(1®Dy) — a7~ Y(19)) =
(0.42%537 +0.10)% (< 0.82%) ,
B(Y(13Dy) — 77~ Y(1S)) =
(0.6619-1% +0.06)% , and
B(Y(13D3) — 7t7n~Y(18)) =
(0.2910-92 +0.06)% (< 0.62%), (143)

where upper limits are given at 90% CL and include sys-
tematic uncertainties. This hadronic Y(1%Dsy) transition
provides an important benchmark for comparing various
theoretical predictions for partial rates [524, 526, 529].
Furthermore, comparing with the observed (3770) —
7t 7w~ J/4 transition may give insight into threshold ef-
fects in the ¢(3770) state.

3.8.10. Dipion and n transitions from Y (45)

Even above open-bottom threshold, the bb vector
bound state undergoes hadronic transitions, as first mea-
sured by BABAR [546], which was later updated [545].
The latter analysis is done in a manner similar to that
described in Sect. 3.3.8, using mass-difference windows
around Am = m[Y(45)] — m[Y(55)], with 7 = 1, 2.
Belle [547] reported a similar analysis, but only on
Y(4S) — w7~ Y(1S). The two resulting branching
fractions for the latter transition are consistent with
one other; PDGI10 reports (averaged for T(4S) —
7tw~Y(1S)) branching fractions

B(Y(4S) — 7tr~T(1S)) =
0.810 & 0.06) x 10~*

B(Y(4S) = ntr~ 1 (28)) =
(0.86 +0.11 £0.07) x 10~*
B(T(4S) — ntm=Y(2S))
B(Y(4S) — mtr—=Y(15))

=1.16£0.16 £ 0.14. (144)

Of particular note is that while the dipion mass spectrum
for T(45) — 777~ Y(15) has a typical spectrum with a
single peak, that of Y(4S) — 777~ Y(2S) appears to
have a double-peak structure like T(3S) — 77 Y(1S), as
seen in Fig. 46.

In the same analysis, BABAR [546] sought n transitions
in the T system as well, via n — 7t7~7". While no
evidence is found for such transitions from Y(2S) or
T(3S5) (consistent with the CLEO results discussed in

Sect. 3.3.6), a quite significant signal was observed for
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nY(1S) final states in the Y (4S5) data sample, which, if
attributed fully to resonant production, corresponds to

B(Y(4S) = nY(1S)) = (1.96 + 0.06 + 0.09) x 10~*

B(Y(4S) — 7Y (1S))
B(Y(4S) — ntn-T(15))

=2.41+0.40 +0.12. (145)

The BABAR continuum sample taken just below Y (4.5) is
only a small fraction of that taken on-T(4S5), so even
though no nY(1S) are observed in that sample, the
possibility that the observed events are attributable to
ete™ — nY(1S) can only be excluded at the 2.70 level.

3.8.11.  Dipion transitions near Y (55)

As described in Sect. 2.3.2, Belle [117] reported first ob-
servation of apparent dipion transitions from the Y(55)
to the lower mass narrow T states. The caveat “appar-
ent” is applied because a later analysis, also by Belle [37],
and also described in Sect. 2.3.2, suggests that these
transitions may originate not from the enhancement in
the hadronic cross section from ete™ collisions near
Vs &~ 10.87 GeV known as “Y(55)”, but from a sep-
arate new state Yy close by in mass, much as Y (4260)
was observed via dipion transitions to lower-mass char-
monium.

If interpreted as 7Y(5S5) transitions, the mea-~
sured dipion decay widths are more than two or-
ders of magnitude larger than those in the similar
Y(4S) — Y(1S)ntw~ [545, 547] (see Sect. 3.3.10), and
Y(25,35) — T(1S)7T7~ (see Sect. 3.3.8) transitions.
The reason for such large differences is not clear. Two
theoretical ideas have been proposed. The first ap-
proach [548] assumes that the bottomonium transitions
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with two-pion emission come through intermediate vir-
tual BBw(r) formation, followed by the recombination
of the B pair into the T. The difference between the
T(55) and Y(4S5) decays results from a large imaginary
part in the T(55) decay amplitude appearing due to the
positive difference between the T(5S5) mass and the sum
of the masses of the BB7m system. A similar approach
was also used [549, 550], in which specific decay param-
eters were predicted with good accuracy. An alternative
theoretical idea was proposed [388], in which the large
Y (55) — Y(1S) 7T 7~ decay width was explained as a
possible indication of the production of a bbg hybrid state
Y}, with a mass close to the mass of the T (55) resonance.

3.8.12.  Observation of xvs(2P) — wwxps(1P)

The decay xps(2P) — mrxps(1P) (J = 1,2) was
observed by CLEO [523] using 6 million decays of the
T(3S5). This is the only observed hadronic transition
from the ;s (nP) states aside from the surprisingly large
Xb7(2P) — wY(1S); as such, it provides an important
benchmark. The following decay chain was used in the
search: T(35) — X7/ (2P); Xo0(2P) — 7y (1P);
Xbs(1P) = v (1S); Y(1S) — ¢T¢~. Both charged and
neutral pion pairs were sought, with results combined as-
suming isospin invariance. The data were not adequate
to distinguish between allowed values of J' and J; hence
it was assumed that J' = J. The J = 0 transition was
inaccessible due to the smallness of the branching frac-
tions in the decay chain. Assuming the J =2 and J =1
transitions have the same partial width, it was found that

I'(x(2P) — 7w xu(1P) = 0.83 +0.22 +0.21 keV. (146)

This rate is consistent with theoretical expectations [517].

3.4. Hadronic decays

In general, the nonrelativistic quark model does a re-
markable job also for decays of the lowest (below DD
threshold) charmonia — see, e.g., [31]. However, there
are some striking discrepancies where additional exper-
imental as well as theoretical work is necessary, as will
be outlined below — see, e.g., Sect. 3.4.1. Improved data,
e.g., sensitive to lineshapes due to improved resolution
and statistics, as well as data on additional transitions,
should shed important light on the structure of the light
charmonia.

As described at the end of Sect. 3.3.1, for some tran-
sitions heavy meson loops might play a significant role.
The natural question that arises asks what their influence
on decays could be. Here, unfortunately, the NREFT de-
scribed above is not applicable anymore, for the momenta
of the final state particles as well as the intermediate
heavy meson velocities get too large for a controlled ex-
pansion. However, those studies can be performed within
phenomenological models [440, 551-553].
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3.4.1. The 12% rule and pm puzzle

From perturbative QCD (pQCD), it is expected that
both J/¢ and (2S) decay into any exclusive light-
hadron final state with a width proportional to the square

of the wave function at the origin [554, 555]. This yields
the pQCD “12% rule”,

B((2S) — h)
B(J/y — h)
B((28) — eTe™)

- B(J/Y — ete™) ~12%.

Qn =

(147)

A large violation of this rule was first observed in decays
to pm and K*T K~ + c.c. by Mark II [556], and became
known as the pm puzzle. Since then, many two-body de-
cay modes of the 1)(25) (and some multibody ones) have
been measured by BES [557-563] and CLEO [564]; some
decays obey the rule while others violate it to varying
degrees.

The pm mode is essential for this study — the re-
cent measurements, together with the old information,
show us a new picture of the charmonium decay dy-
namics [565]. With a weighted average of B(J/¢ —
atr~7%) = (2.00 & 0.09)% from the existing measure-
ments, and an estimation of

B(J/¢ — pr)
B(J/Y — 7ta—70)

=1.17 x (1 + 10%) (148)

using the information given in [566], one gets B(J/¢ —
pm) = (2.34 £ 0.26)%. This is substantially larger than
the world average listed by PDGO8 [18], which is (1.69 +
0.15)%, from a simple average of many measurements.
The branching fraction of 1/(25) — 7+ 7~ 7Y is measured
to be (18.1£1.841.9)x 1075 and (18.8+10£1.9)x 1077 at
BESII [567] and CLEO [564], respectively. To extract the
pm component, however, the experiments make different
choices, which in turn lead to different answers. BESII
uses a partial wave analysis (PWA), while CLEO counts
the number of events by applying a p mass cut. The
branching fraction from BESII is (5.14+0.7+1.1) x 1075,
while that from CLEO is (2.470540.2) x 107°. If we take
a weighted average and inflate the resulting uncertainty
with a PDG-like scale factor accounting for the disagree-
ment, we obtain B(¢(2S) — pr) = (3.1 £1.2) x 1075,
With the results from above, one gets

B(1(2S) — pm)
B(J /¢ — pr)

The suppression compared to the 12% rule is about two
orders of magnitude.

There are enough measurements of 1(25) and J/v¢ de-
cays for an extensive study of the “12% rule” [18, 557—
564, 568-570], among which the Vector-Pseudoscalar
(VP) modes, like the pm, have been measured with the
highest priority. The ratios of the branching fractions
are generally suppressed relative to the 12% rule for

Qpr = = (0.1340.05)%. (149)



the non-isospin-violating VP and Vector-Tensor (VT)
modes (i.e., excluding modes like wr” and p°n), while
Pseudoscalar-Pseudoscalar (PP) modes are enhanced.
The multihadron modes and the baryon-antibaryon
modes cannot be simply characterized, as some are en-
hanced, some are suppressed, and some match the ex-
pectation of the rule. Theoretical models, developed for
interpreting specific modes, have not yet provided a solu-
tion for all of the measured channels. For a recent review,
see [1, 571].

3.4.2.  Observation of he(1P) — 2(x 7™ )r®

CLEO reported the first evidence for an exclusive
hadronic decay mode of the h.(1P) [536], previously only
seen through its radiative transition to the n.(15). Using
25.7 x 10% 9(289) decays, CLEO performed a search for
hadronic decays of the h.(1P) in the channels ¥(25) —
7°h(1P); he(1P) — n(rt7n~)n%, where n = 1,2,3. Up-
per limits were set for the 37 and 77 decay modes, but
evidence for a signal was found in the 57 channel with
a significance of 4.4 . The 57 mass distribution from
data is shown in Fig. 47(a); the corresponding spectrum
from background Monte Carlo is shown in Fig. 47(Db).
The measured mass is consistent with previous measure-
ments. The measured product branching fraction is

B((25) = 7°he(1P)) x B(he(1P) = 2(xtx~)7x0) =
(1.88F043 4027y x 1072 (150)

This value is approximately 5% of that given in Eq. (100),
indicating the total hadronic decay width of the h.(1P)
is likely of the same order as its radiative transition width
to the n.(15).

3.4.8.  Xcs(1P) hadronic decays

Precision in study of hadronic x.;(1P) decays contin-
ues to improve with larger datasets, and is beginning
to approach that achieved for J/¢ and ¢(25). Decays
of the P-wave states provide information complementary
to that from the S-wave states, which probe short-range
processes. At CLEO and BESII the P-wave states are ac-
cessed through the predominant E1 radiative transitions
P(25) — vxes(1P). Recent measurements have also
come from Belle through the process vy — xc0,2(1P).

A large number of different hadronic decay modes of
the x.s(1P) states have recently been measured, many
for the first time. These include two-meson decays at
BESII [572], CLEO [573], and Belle [485, 487-489, 491];
two-baryon decays at CLEO [574]; three-meson decays
at CLEO [575] and BESII [576]; four-meson decays at
BESII [577-580], CLEO [581], and BELLE [442]; as well
as others like 47pp and pnr® at BESII [563, 582].

More work is required on the theoretical front to un-
derstand the wide variety of hadronic x.;(1P) decays
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now experimentally observed. There are indications that
the pattern of decays may require the introduction of a
color octet mechanism that includes contributions from
the subprocess ccg — q¢g [456]. Hadronic decays of
the x.s(1P) may also provide insight into the relative
contributions of singly and doubly-OZI violating pro-
cesses [583].

3.4.4. Non-DD (3770) hadronic decays

Experimental measurements of the branching fractions
for ¥(3770) — non-DD provide important information
about the nature of the 1(3770) resonance. While the
¥(3770) is thought to be dominantly the 13D; state
of charmonium, its dilepton width indicates it should
also contain a substantial n3S; component. The size of
this component is related to the non-DD-width of the
P(3770) [425, 452]. Several measurements of the cross
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FIG. 47: From CLEO [536], the 2(7 "7~ )n® mass distribu-
tion showing evidence for the 1(2S) — 7°h.(1P) followed by
he(1P) — 2(x 7™ )n°. Solid line histograms show (a) data
and (b) Monte Carlo simulation of backgrounds. Solid curves
show the results of fits to the respective histograms for a
smooth background and h.(1P) signal. Adapted from [536]
with kind permission, copyright (2009) The American Physi-
cal Society



sections for ¥(3770) — non-DD final states have recently
been made, but there is a disagreement between those
from BES [502, 503, 584, 585] and that of CLEO [508].

The most recent and precise result from BES [503] is
B((3770) — non-DD) = (15.1 £ 5.6 &+ 1.8)%. This
was obtained by counting inclusively selected hadronic
events with a charged kaon of energy 1.15-2.00 GeV, a
range which excludes DD events, in the range of center-
of-mass energies 3.650-3.872 GeV, and correcting the ob-
served number for efficiency and integrated luminosity
at each energy point. These cross sections were then fit
for a smooth background and the expected lineshape of
(3770) with floating normalization. Figure 48 shows
these measured cross sections versus the center-of-mass
energy together with the best fit, which indicates evi-
dence for non-DD decays. Combining this result with
another one, also by BES [585], which measured cross
sections at just two points (3.773 GeV and 3.650 GeV)
gives a 4.80 signal significance for 1 (3770) — non-DD
decays. Other measurements from BES — which include
variations on the above-described techniques — are listed
in Table 40.

CLEO [508] measured the cross section for 1(3770) —
non-DD by comparing the cross sections for 1(3770) —
hadrons to that measured for (3770) — DD [30]. The
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FIG. 48: From BES [503], the hadronic cross section ver-
sus +/s, extracted from counting inclusively selected hadronic
events with a charged kaon of energy 1.15-2.00 GeV, a range
which excludes DD events. Solid circles represent data, the
dashed curve represents the contributions from J/v, ¥(25),
and continuum hadron production, and the solid curve the
best fit to the data of expected background plus a floating
¥%(3770) — non-DD component (see text). Adapted from
[503] with kind permission, copyright (2008) Elsevier
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TABLE 40: Measurements of branching fractions for
¥ (3770) — DD and non-DD at BES, CLEO, and as averaged
by PDG10. Rates for D°D° and DY D~ are constrained to
sum to that of DD, and the rates for DD and non-DD are
constrained to sum to unity. Hence within each set of mea-
surements, uncertainties are highly correlated

Final state B (%) Source

D Do 4994+ 1.34+3.8 BES [502]
DD~ 35.74+1.14+34 BES [502]
DD 85.54+ 1.7+ 5.8 BES [502]
non-DD 1454+ 1.74+5.8 BES [502]
D°Do 46.7+4.742.3 BES [584]
DtD~ 36.9+3.74+2.8 BES [584]
DD 83.6 7.3+ 4.2 BES [584]
non-DD 16.4+7.34+4.2 BES [584]
DD 86.6 + 5.0 4 3.6 BES [503]
non-DD 13.44+ 5.0+ 3.6 BES [503]
DD 103.3 + 14755 CLEO [508]
non-DD —3.3+1.4%5% CLEO [508]
DD 9318 PDG10 [447]
non-DD [ PDG10 [447)

TABLE 41: Measurements of non-DD cross sections for

1(3770) decays and the experimentally observed cross section
for 1(3770) production at 3.773 GeV

Experiment oo DD (nb) 02?3770) (nb)
CLEO [508] —0.01+0.08%535,  6.38+£0.087050
BESII [502] 1.14+0.08+£0.59  7.18+0.20 £ 0.63
BESII [584] 1.04+0.23+0.13  6.94+0.48+0.28
BESII [503] 0.95+0.354+0.29  7.07+0.36 4 0.45
BESII [585] 1.08 4 0.40 + 0.15 —
MARKII [11] - 9.14+1.4

former quantity is obtained by subtracting the hadronic
cross section measured on the “continuum” at /s =
3671 MeV, as extrapolated to /s = 3773 MeV and
corrected for interference with ¥ (2S) decays, from the
hadronic cross section measured near the peak of the
¥(3770), /s = 3773 MeV. The net non-DD cross sec-
tion obtained by CLEO is smaller than those of BES and
is consistent with zero. These non-DD cross sections are
summarized in Table 41, and resulting branching frac-
tions in Table 40. As the CLEO and BES results are
in conflict, the PDG10 average in Table 40 averages be-
tween the two and inflates the combined uncertainty so
as to be consistent with both.



To search for light hadron decays of (3770), both
BES [586-592] and CLEO [593-595] extensively stud-
ied various exclusive light hadron decay modes for
¥(3770) — LH (LH = light hadron), but for
only one channel was found to have a significant sig-
nal: CLEO [595] measured the branching fraction
B((3770) — ¢n) = (3.1 £ 0.6 £ 0.3) x 10~*. This
branching fraction is obtained by subtracting the extrap-
olated continuum cross section for ete~™ — ¢n measured
at /s = 3671 MeV from that measured at 3.773 GeV.
CLEO’s measurement explicitly ignored the possible in-
terference among amplitudes for this final state from
¥ (3770), continuum, and $(25).

Although CLEO did not claim observations for other
light hadron decay modes, some evidence for such de-
cays can be found in the CLEO cross sections. Table 42
lists some cross sections for ete™ — LH measured at
3.773 and 3.671 GeV by CLEO [595]. Curiously, the final
states 7w~ 70, pr, and wn have smaller cross sections
at /s = 3773 MeV than at 3671 MeV, suggesting that
an interference effect has come into play to reduce the
observed cross section. If this is the cause, this would
imply ¢(3770) branching fractions for these modes of
order 1074-1073. It is also noteworthy that K*0K0 is
produced more copiously than K** K~ (by a factor of at
least 20) at both energies. Whether these two phenomena
are related remains an open question.

BES [19] has observed a (3770)-lineshape anomaly in
measurement of inclusive cross sections measured in the
range /s = 3.70 — 3.87 GeV (see also Sect. 2.1.1). It was
suggested by BES and by Dubynskiy and Voloshin [596]
that a second structure near 3765 MeV could be respon-
sible. If such a structure exists, and it decays into some
of the low multiplicity LH states discussed above, yet
another amplitude comes into play which could interfere
and cause observed cross sections to be smaller near the
¥ (3770) than on the continuum. A very recent prelimi-
nary analysis by KEDR [20] of its eTe™ scan data near

TABLE 42: Measurements from CLEO [595] of cross sections
for ete™ — 777 7 and eTe™ — VP channels on the con-
tinuum just below the (25) at /s = 3.671 GeV and on the
1(3770) resonance at /s = 3.773 GeV

Final state o (pb) o (pb)

Vs = 3.671 GeV Vs =3.773 GeV
atra® 131719 £2.1 74+£04+21
pr 8.0717 +0.9 44403405

p°r° 3112 4+04 1.34+0240.2

ptm™ 48713 +£0.5 32+0.3+0.2
wn 23718 +05 0.440.240.1
én 21719 402 4.540.5+0.5
K*°Ko° 23.5138 +3.1 23.5+ 1.1+ 3.1
K*tK~ 10551 +05 <06
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1 (3770) finds inconsistency with this lineshape anomaly.

The conflict about the fraction of non-DD decays from
¥ (3770) is not restricted to being between the BESII
and CLEO experiments; an inclusive-exclusive rift also
remains to be bridged. Inclusive-hadronic measurements
alone have difficulty supporting a (3770) — non-DD
branching fraction of more than several percent with-
out some confirmation in exclusive mode measurements,
which currently show a large number of modes, includ-
ing the leading candidate low-multiplicity transitions and
decays, to be quite small. The large datasets expected
at BESIII offer an opportunity for such a multifaceted
approach to v(3770) — non-DD.

3.4.5.  Observation of T(1S) — antideuteron+X

The appearance of deuterons in fragmentation has
been addressed theoretically in the framework of a co-
alescence model [597, 598], via the binding of a nearby
neutron and proton. Experimental constraints on the
process from measured deuteron production are limited.
ARGUS [599] found evidence in Y(15,2S) decays for
such production but with very low statistics. These re-
sults have been accommodated in a string-model calcula-
tion [600]. Further experimental information is essential.

CLEO [334] addressed this issue with a measurement
of antideuteron production in samples of 22, 3.7, and
0.45 million Y(15,25S,4S5) decays, respectively. Only an-
tideuterons were sought due to the presence of a large
deuteron background. This background arises from nu-
clear interactions with matter (such as gas, vacuum
chambers, and beam collimators) initiated by either par-
ticles created in the ete™ annihilation or errant e* from
the colliding beams. These interactions result in the ap-
pearance of neutrons, protons, and deuterons in the de-
tector. Antideuterons are identified primarily by their
distinctive energy loss (dF/dx) as a function of momen-
tum, as measured in tracking chambers, but residual pion
and proton backgrounds are additionally suppressed by
requiring deuteron-appropriate response in the RICH de-
tectors. This identification is relatively background-free
over the momentum range of 0.45-1.45 GeV/c, and is
found to correspond to a branching fraction

B(T(1S) — dX) = (2.86 £ 0.19 £ 0.21) x 1077, (151)

How often is the baryon-number conservation for the
d accomplished with a deuteron? Deuteron background
becomes tolerable in d-tagged events, and three dd can-
didate events are found in the CLEO T(15) data sample,
meaning that baryon-number compensation occurs with
a deuteron about 1% of the time. By counting events
with zero, one, or two protons accompanying an iden-
tified d, CLEO finds that compensation by each of pn,
np, nn, or pp occurs at roughly the same rate, about a
quarter of the time.

CLEQ also measures antideuteron fractions in the data
samples of T(25) and Y(4S5). The T(2S5) result can be



used to calculate the rate of x5; — dX by subtracting a
scaled Y(19) d-fraction to account for Y(2S5) — XY (15)
transitions, and again, with a different scaling factor,
to account for Y(2S) — ggg, vgg decays, assuming
they have the same d-fraction as Y(1S); the balance
are attributed to appearance through Y(2S5) — vxu,
b7 — dX. No significant excess is observed, either here
nor in Y(4S5) decays, so CLEO reports the upper limits
B(xps — dX) < 1.1 x 107%, averaged over J = 0, 1, 2,
and B(Y(45) — dX) < 1.3 x 107°, both at 90% CL.

Artoisenet and Braaten [333] find this CLEO result
useful in tuning parameters of event generators in a study
of production of loosely bound hadronic molecules (see
Sect. 2.9.3 for a discussion of the relevance of this mea-
surement to the nature of the X(3872)). Brodsky [601]
comments on how measurements such as these should be
extended in order to probe the hidden-color structure of
the antideuteron wave function.

3.4.6.  Observation of T, xps — open charm

Very little is known about the heavy-flavor (i.e., open
charm) content of bottomonium hadronic decays, which
can be used as a tool to probe of the post-bb-annihilation
fragmentation processes. Y(nS) hadronic decays are
dominated by those materializing through three gluons
(999), Xvo,2 through gg, and x,1 through ggg [495]; each
of these processes is expected to have its own character-
istic open-charm content.

CLEO [602] first selected events from its Y(25,35)
data samples to have a D° (or DY) meson exclusively
reconstructed, and with momentum > 2.5 GeV/¢; the
momentum cut is required to suppress backgrounds. The
single-photon energy spectra for these events were then
fit for the presence of narrow peaks corresponding to the
radiative transitions Y(msS) — yxps(nP). Significant
signals for DY production only from x3; (1P, 2P) are ob-
served with branching fractions (not correcting for the
D° momentum cut) of about 10%, with upper limits at
90% CL for the others ranging from 2-10%. CLEO then
combines these measured fractions with some assump-
tions and theoretical input to simultaneously extract psg,
an NRQCD non-perturbative parameter, and branching
fractions for D° mesons produced with any momenta;
the assumptions and pg directly affect the spectrum of
D° mesons. With these assumptions, CLEO obtains
ps ~ 0.09 and

B(xp1(1P,2P) — D°X) ~ 25%, (152)
both in agreement with predictions [603, 604]. Upper
limits at 90% CL are set for the remaining four y,; that
are also consistent with the predictions, with the excep-
tion of xp2(2P), which has an upper limit that is half the
predicted value of 12%. The largest branching fractions
occur for xp1(1P,2P), as expected, which are the states
expected to decay via gqg.

81

BABAR [605] searched its T(1S) data sample for the
presence of D** (and D*~) mesons. BABAR measures

B(Y(1S) = D*"X) = (2.524+0.13 £ 0.15)%, (153)
the first such observation of charm in Y(1S) decays,
and extracts the resulting D*T momentum spectrum.
BABAR also finds this rate to be considerably in excess
(i.e., roughly double) of that expected from bb annihi-
lation into a single photon. The excess is seen to be in
agreement with a prediction [606] based on splitting a
virtual gluon, but appears to be too small to accommo-
date an octet-state contribution [607].

3.4.7.  Observation of xu5(1P,2P) — hadrons

Using its full sample of 9 million Y(2S) and 6 mil-
lion Y(3S5) decays collected with the CLEO III detector,
CLEO made the first measurements of branching frac-
tions of exclusive decays of the xp7(1P, 2P) states [608],
which were accessed through the allowed E1 radiative
transitions T(3S5) — yxps(2P) and T(2S5) — yxps(1P).
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FIG. 49: From CLEO [608], the invariant mass of the sum of
exclusive decay modes of the x5 (1P) from (a), (c) T(2S5) and
(b), (d) T(3S) radiative decays. (a) and (b) show the sum of
659 exclusive decay modes, while (c) and (d) show the sum of
the 14 decay modes with significant branching fractions, the
values of which were measured. Solid circles represent data,
shaded histograms the backgrounds determined from Y(15)
data, dotted curves the contributions of the individual x4
signals as determined from fits to the data, and solid curves
the sum of background and fitted signals. Adapted from [608]
with kind permission, copyright (2008) The American Physi-
cal Society



A comprehensive set of 659 decay exclusive modes was
included in the search, where each decay mode was a
combination of 7%, 7% 7, K+ Kg, and p*. Of these
659, 14 were found that have significances of greater than
50 for both x37(1P) and xps(2P) decays (combined for
J =0,1,2). Figure 49 shows the invariant mass of the
exclusive decay modes for all 659 and the selected 14 de-
cay modes of the x;;(1P) and x3s(2P). Branching frac-
tions were measured for the 14 decay modes from both
the xps(1P) and xp;s(2P) for J = 0,1,2. The branch-
ing fractions ranged from approximately (1-20) x 1074,
The largest branching fractions measured were to 6727°
and 8727". This survey of branching fractions, besides
being useful for testing models of bottomonium decays,
also gives some indication of which exclusive channels
might be most fruitful in searches for new states in the
bottomonium region.

4. PRODUCTION’
4.1. Introduction to theoretical concepts

In this subsection, we provide an introduction to some
of the theoretical ideas that will appear in subsequent
subsections, many of which are based on various fac-
torization formulas for quarkonium production and de-
cay. This subsection also serves to establish notation and
nomenclature that is used in subsequent subsections.

4.1.1.  Momentum scales and factorization

A heavy quarkonium has at least three intrinsic mo-
mentum scales: the heavy-quark mass mg; the momen-
tum of the heavy quark or antiquark in the quarkonium
rest frame, which is of order mguv; and the binding energy
of the heavy quark-antiquark (QQ) pair, which is of order
mgu?. Here v is the typical velocity of the heavy quark
or antiquark in the quarkonium rest frame. (v? ~ 0.3 for
the J/v and v? ~ 0.1 for the T.)

If a heavy quarkonium is produced in a hard-scattering
process, then, in addition to the intrinsic scales of
the quarkonium, the hard-scattering scale p enters into
the description of the production process. The hard-
scattering scale p is usually set by a large momentum
transfer in the production process. In quarkonium pro-
duction in hadron-hadron collisions (hadroproduction)
and hadron-lepton collisions, p is usually taken to be of
order pr, the transverse momentum of the quarkonium,
while in quarkonium production in eTe™ collisions, p is

9 P. Artoisenet, A. Bertolin, G. T. Bodwinf, C.-H. Chang,
K.-T. Chao, J.-P. Lansberg, F. Maltoni, A. Meyerf,
V. Papadimitriout, and J.-W. Qiu
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usually taken to be of order p*, the quarkonium momen-
tum in the ete™ center-of-mass frame.

One might expect intuitively that the production pro-
cess could be understood in terms of two distinct steps:
the production of the QQ pair, which would occur at
the scale p, and the subsequent evolution of the QQ pair
into the quarkonium, which would involve the smaller dy-
namical scales mqgv and vaz. The first step would be
calculable in an expansion in powers of a;(p), while the
second step would typically involve inherently nonpertur-
bative physics. The term “short distance” is often used
to refer to the momentum scale p (distance scale 1/p),
while the term “long distance” is often used to refer to
typical hadronic momentum scales, such as mquv, mQUQ,
or Aqcp. The term “short distance” is also sometimes
used to refer to the scale mg in the context of NRQCD.

In order to establish that this intuitive picture of
quarkonium production is actually a property of QCD,
one must demonstrate that the short-distance, perturba-
tive effects at the scale p can be separated from the long-
distance, nonperturbative dynamics. Such a separation
is known as “factorization.” In proving a “factorization
theorem,” one must show that an amplitude or cross sec-
tion can be expressed as a sum of products of infrared-
safe, short-distance coefficients with well defined opera-
tor matrix elements. Such short-distance coefficients are
perturbatively calculable. The operator matrix elements
would contain all of the long-distance, nonperturbative
physics. They might be determined phenomenologically
or, possibly, through lattice simulations. If it can be
further demonstrated that the long-distance matrix ele-
ments are universal, i.e., process independent, then fac-
torization formulas yield much greater predictive power.

The nonperturbative evolution of the QQ pair into a
quarkonium has been discussed extensively in terms of
models and in terms of the language of effective theories
of QCD [1, 134, 138]. Different treatments of this evo-
lution have led to various theoretical models for inclu-
sive quarkonium production. Most notable among these
are the color-singlet model (CSM), the color-evaporation
model (CEM), the nonrelativistic QCD (NRQCD) fac-
torization approach, and the fragmentation-function ap-
proach.

4.1.2.  The color-singlet model

The CSM was first proposed shortly after the dis-
covery of the J/i [609-616]. In this model, it is as-
sumed that the QQ pair that evolves into the quarko-
nium is in a color-singlet state and that it has the same
spin and angular-momentum quantum numbers as the
quarkonium. In the CSM, the production rate for each
quarkonium state is related to the absolute values of the
color-singlet QQ wave function and its derivatives, evalu-
ated at zero QQ separation. These quantities can be ex-
tracted by comparing theoretical expressions for quarko-
nium decay rates in the CSM with experimental mea-



surements. Once this extraction has been carried out, the
CSM has no free parameters. The CSM was successful in
predicting quarkonium production rates at relatively low
energy [617]. Recently, it has been found that, at high
energies, very large corrections to the CSM appear at
next-to-leading order (NLO) and next-to-next-to-leading
order (NNLO) in a4 [618-620]. (See Sect. 4.2.1). Conse-
quently, the possibility that the CSM might embody an
important production mechanism at high energies has
re-emerged. However, given the very large corrections at
NLO and NNLO, it is not clear that the perturbative
expansion in «; is convergent. Furthermore, in the pro-
duction and decay of P-wave and higher-orbital-angular-
momentum quarkonium states, the CSM is known to be
inconsistent because it leads to uncanceled infrared di-
vergences. (See Ref. [1] and references therein.) As we
will describe below, the NRQCD factorization approach
encompasses the color-singlet model, but goes beyond it.

4.1.3.  The color-evaporation model

The CEM [621-626] is motivated by the principle of
quark-hadron duality. In the CEM, it is assumed that ev-
ery produced QQ pair evolves into a quarkonium if it has
an invariant mass that is less than the threshold for pro-
ducing a pair of open-flavor heavy mesons. It is further
assumed that the nonperturbative probability for the QQ
pair to evolve into a quarkonium state H is given by a
constant F'i that is energy-momentum and process in-
dependent. Once Fy has been fixed by comparison with
the measured total cross section for the production of
the quarkonium H, the CEM can predict, with no addi-
tional free parameters, the momentum distribution of the
quarkonium production rate. The CEM predictions pro-
vide rough descriptions of the CDF data for J/v, ¥(25),
and x.s production at /s = 1.8 TeV [626]. In Ref. [627],
the CEM predictions are fit to the CDF data for J/4,
¥(2S), and x.s production at /s = 1.8 TeV [628]. The
quality of these fits is generally poor, with x?/d.o.f. for
the J/4 fits of about 7-8 without initial-state k7 smear-
ing and 2-4.5 with initial-state k7 smearing. In con-
trast, the NRQCD factorization approach, which we are
about to describe, yields fits to the CDF J/¢ data with
x?/d.o.f. of about 1.

4.1.4. The NRQCD factorization approach

The NRQCD factorization approach [138] to heavy-
quarkonium production is by far the most sound theoret-
ically and most successful phenomenologically. NRQCD
is an effective theory of QCD and reproduces full QCD
dynamics accurately at momentum scales of order mguv
and smaller. Dynamics involving momentum scales of
order mg or larger are taken into account through the

short-distance coefficients of the operators that appear in
the NRQCD action. The NRQCD factorization approach
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expresses the probability for a QQ pair to evolve into a
quarkonium in terms of matrix elements of NRQCD op-
erators. These matrix elements can be characterized in
terms of their scaling with the heavy-quark velocity v
[138]. In the NRQCD factorization approach, the inclu-
sive cross section for the direct production of a quarko-
nium state H is written as a sum of products of these
NRQCD matrix elements with the corresponding QQ
production cross sections:

o(H) = on(A)(OF(A)). (154)

Here A is the ultraviolet cutoff of the effective theory, the
o, are expansions in powers of v of the cross sections to
produce a QQ pair in the color, spin, and orbital-angular
momentum state n. The o, are convolutions of parton-
level cross sections at the scale p with parton distribu-
tion functions. (The former are short-distance quantities,
while the latter are long-distance quantities that depend
on the nonperturbative dynamics of the initial hadrons.)
The matrix elements (O (A)) are vacuum-expectation
values of four-fermion operators in NRQCD. We empha-
size that Eq. (154) represents both processes in which the
QQ pair is produced in a color-singlet state and processes
in which the QQ pair is produced in a color-octet state.
It is conjectured that the NRQCD factorization expres-
sion in Eq. (154) holds when the momentum transfer p
in the hard-scattering production process is of order mg
or larger.

Unlike the CSM and the CEM expressions for the pro-
duction cross section, the NRQCD factorization formula
for heavy-quarkonium production depends on an infinite
number of unknown matrix elements. However, the sum
in Eq. (154) can be organized as an expansion in pow-
ers of v. Hence, the NRQCD factorization formula is a
double expansion in powers of v and powers of ay. In
phenomenological applications, the sum in Eq. (154) is
truncated at a fixed order in v, and only a few matrix
elements typically enter into the phenomenology. The
predictive power of the NRQCD factorization approach
is based on the validity of such a truncation, as well as
on perturbative calculability of the QQ cross sections and
the universality of the long-distance matrix elements.

If one retains in Eq. (154) only the color-singlet contri-
butions of leading order in v for each quarkonium state,
then one obtains the CSM. As we have mentioned, such
a truncation leads to inconsistencies because the omis-
sion of color-octet contributions results in uncanceled in-
frared divergences in the production rates of P-wave and
higher-orbital-angular-momentum quarkonium states.

The CEM implies that certain relationships must
hold between the NRQCD long-distance matrix elements
[627]. These relationships are generally inconsistent with
the scaling of the matrix elements with v that is predicted
by NRQCD. The shortcomings of the CEM in describing
the Fermilab Tevatron data can be traced, at least in
part, to these inconsistencies [627].

As we will explain in more detail below, in the case



of inclusive quarkonium production, a compelling proof
of NRQCD factorization is still lacking. A further diffi-
culty with the NRQCD factorization formula in Eq. (154)
is that a straightforward perturbative expansion of the
short-distance coefficients may not yield an optimal or-
ganization of the expression for the cross section. The
difficulty with such a straightforward expansion is that
it ignores the fact that different orders in a; in the per-
turbative expansion may have different dependences on
mq/p. Consequently, at large p/mg, higher orders in
the perturbation expansion may be more important than
lower orders. Therefore, it may be useful to organize the
production cross section in powers of p/m¢ before ex-
panding the short-distance coefficients in powers of as
[629-631].

Although the application of NRQCD factorization to
heavy-quarkonium production processes has had many
successes, there remain a number of discrepancies be-
tween its predictions and experimental measurements.
The most important of these successes and discrepancies
are discussed in the remainder of Sect. 4.

4.1.5.  The fragmentation-function approach

In the fragmentation-function approach to factoriza-
tion for inclusive quarkonium production [629-631], one
writes the production cross section in terms of convolu-
tions of parton production cross sections with light-cone
fragmentation functions. This procedure provides a con-
venient way to organize the contributions to the cross
section in terms of powers of mq/p. As we will explain
below, it might also represent the first step in proving
NRQCD factorization [629-631]. In the second step, one
would establish that the light-cone fragmentation func-
tions could be expanded in terms of NRQCD matrix el-
ements.

We now describe the fragmentation-function approach
for the specific case of single inclusive heavy-quarkonium
production at transverse momentum pr > mg. The
contribution to the cross section at the leading power in
mq/pr is given by the production of a single parton (e.g.,
a gluon), at a distance scale of order 1/pr, which subse-
quently fragments into a heavy quarkonium [632]. The
contribution to the cross section at the first subleading
power in mq/pr is given by the production of a QQ pair
in a vector- or axial-vector state, at a distance scale of or-
der 1/pp, which then fragments into a heavy quarkonium
[631]. It was shown in the perturbative-QCD factoriza-
tion approach [629, 631] that the production cross section
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can be factorized as

doaypou+x(pr) =

Z Ao A+ B—ivx (P1T/%, 1) @ Dis (2, mq, 1)
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- O(miy/ph), (155)
where the first term in Eq. (155) gives the contribution
of leading power in mq/p, and the second term gives the
first contribution of subleading power in mg/p. A and B
are the initial particles in the hard-scattering process and
® represents a convolution in the momentum fraction z.
In the first term in Eq. (155), the cross section for the
inclusive production of a single particle i, d6 44+ B—i+x,
contains all of the information about the incoming state
and includes convolutions with parton distributions in
the cases in which A or B is a hadron. The cross sec-
tion dé 44+ p—it+x is evaluated at the factorization scale
w ~ ppr. The quantity D;_, g is the fragmentation func-
tion for an off-shell parton of flavor ¢ to fragment into
a quarkonium state H [633]. The argument mg indi-
cates explicitly the dependence of D;_,y on the heavy-
quark mass. Similarly, in the second term in Eq. (155),
d0 4+ B-[QG(r)+x 18 the inclusive cross section to pro-
duce an on-shell QQ pair with spin and color quantum
numbers k. The cross section do 44 p_,(0G(x))+x 18 also
evaluated at the factorization scale y ~ pp, but it is sup-
pressed by a factor m?Q/p% relative to dd a4 p—i+x. The
quantity D x))— g 1s the fragmentation function for an
off-shell QQ pair with quantum numbers x to fragment
into a quarkonium state H [631]. The predictive power
of the factorization formula in Eq. (155) relies on the per-
turbative calculability of the single-particle inclusive and
QQ inclusive cross sections and the universality of the
fragmentation functions.

The dependences of the single-parton and the QQ-pair
fragmentation functions on the factorization scale u are
given by their respective evolution equations. These evo-
lution equations can be used to express the fragmentation
functions at the scale 1 ~ p in terms of the fragmentation
functions at the scale pg ~ 2mg, thereby resumming the
logarithms of p1/mg that are contained in the fragmen-
tation functions.

4.1.6.  Relationship of the fragmentation-function approach
to the NRQCD factorization approach

If the NRQCD factorization formula in Eq. (154)
is valid for the leading and first subleading power of
mé /p%, then it implies that the fragmentation functions
in Eq. (155) can be expanded in terms of NRQCD matrix



elements [629-631]:
D u(z,mq, o) = Zdian(zamQ7NO)<Og>

Diog(r)—u(2,mq, o) =

> diga()-sn(z:ma, 10) (O (156)

Here, the short-distance coefficients d;_,, (2, mg, po) and
d1QQ(r))—n (2, M@, po) describe, respectively, the pertur-
bative evolution at the scale p of an off-shell parton of
flavor i and a QQ pair with quantum numbers & into a
QQ pair in the nonrelativistic state n. Viewed in this
way, the factorization formula in Eq. (155) is simply a
reorganization of the sum over n in Eq. (154). (The con-
tributions denoted by O(mg¢,/py) in Eq. (155) are the
difference between the NRQCD expression in Eq. (154)
and the first two terms in Eq. (155) expanded as a series
in oy [634].) Although Eqs. (154) and (155) are equiv-
alent if the NRQCD factorization formalism is valid for
heavy-quarkonium production, the formula in Eq. (155)
provides a systematic reorganization of the cross section
in term of powers of mg/pr and a systematic method
for resumming potentially large logarithms of pr/mg.
That reorganization and resummation may make the as
expansion more convergent.

4.1.7.  Difficulties in establishing NRQCD factorization

The fragmentation functions D; .y and D[QQ(K)] H
include certain contributions whose compatibility with
NRQCD factorization is not obvious. These contribu-
tions arise from processes which, when viewed in the
quarkonium rest frame, involve the emission of a gluon
with momentum of order mg from the fragmenting par-
ton. That relatively hard gluon can exchange soft glu-
ons with the color-octet QQ pair that evolves into the
quarkonium. Such soft interactions can produce logarith-
mic infrared divergences, which must be absorbed into
the NRQCD matrix elements in Eq. (156) in order to
obtain short-distance coefficients d; ., and digg(.)—n
that are infrared safe. The interactions of soft gluons
with the gluon that has momentum of order mg can
be represented by interactions of the soft gluons with
a lightlike eikonal line (gauge-field link) [630]. Similar
lightlike eikonal lines are required in order to render the
color-octet NRQCD long-distance matrix elements gauge
invariant [629-631]. If it can be shown that the color-
octet NRQCD matrix elements are independent of the
directions of these eikonal lines, then it follows that the
infrared-divergent soft interactions with gluons that have
momenta of order mg can be absorbed into universal
(i.e., process independent) NRQCD long-distance ma-
trix elements. It has been shown that this is the case
through two-loop order and, therefore, that the NRQCD
factorization in Eq. (156) is valid through two-loop or-
der [629-631]. However, the NRQCD factorization in
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Eq. (156) has not been verified at higher orders and,
therefore, it is not known if the NRQCD factorization
formula in Eq. (154) is valid [629-631]. Note that, be-
cause the potential violations of NRQCD factorization
at higher loop orders involve gluons with arbitrarily soft
momenta, such violations are not suppressed by powers
of agy and, consequently, they could completely invalidate
the NRQCD factorization formula in Eq. (154).

It is clear that the NRQCD factorization formula can-
not apply directly to reactions in which an additional
heavy Q or @ is produced nearly co-moving with the QQ
pair that evolves into the heavy quarkonium. That is
because the NRQCD factorization formula is designed to
take into account only a heavy quark and a heavy an-
tiquark at small relative velocity [635, 636]. If an addi-
tional heavy Q or @ is nearly co-moving with a QQ pair,
a color-octet QQ pair could evolve into a color-singlet
QQ pair by exchanging soft gluons with the additional
Q or . Such nonperturbative color-transfer processes
could be taken into account by generalizing the existing
NRQCD factorization formalism to include long-distance
matrix elements that involve additional heavy quarks or
antiquarks. Such color-transfer processes might be iden-
tified experimentally by looking for an excess of heavy-
flavored mesons near the direction of the quarkonium.

4.1.8. kv factorization

The kp-factorization approach is an alternative to
standard collinear factorization that has been applied to
analyses of inclusive hard-scattering processes. In the
case of quarkonium production, the kp-factorization ap-
proach has usually been applied within the CSM [637—
642]. In kp-factorization formulas, the parton distribu-
tions for the initial-state hadrons depend on the par-
ton transverse momentum, as well as on the parton lon-
gitudinal momentum fraction. The leading-order k-
factorization expressions for hard-scattering rates con-
tain some contributions that appear in the standard
collinear-factorization formulas in higher orders in ay
and Aqcp/p. In some kinematic situations, these
higher-order corrections might be important numerically,
and the kp-factorization predictions in leading order
might, in principle, be more accurate than the collinear-
factorization predictions in leading order. (An example
of such a kinematic situation is the high-energy limit
s > §, where s (§) denotes the square of the total four-
momentum of the colliding hadrons (partons).) On the
other hand, the kp-dependent parton distributions are
less constrained by phenomenology than are the stan-
dard parton distributions, and the uncertainties in the
kr-dependent parton distributions are not yet well quan-
tified in comparison with the uncertainties in the stan-
dard parton distributions. Consequently, in practice, the
kp-factorization predictions may be more uncertain than
the corresponding collinear-factorization predictions.



4.1.9.  Factorization in exclusive quarkonium production

NRQCD factorization has been proven for the ampli-
tudes for two exclusive quarkonium production processes
[643, 644]: exclusive production of a quarkonium and
a light meson in B-meson decays and exclusive produc-
tion of two-quarkonium states in ete™ annihilation. The
proofs begin by factoring nonperturbative processes that
involve virtualities of order Aqcp or smaller from hard
processes that involve virtualities of order p. (Here, p is
the ete™ center-of-mass energy in ete™ annihilation, and
p is the B-meson mass in B-meson decays.) At this stage,
the quarkonia enter through gauge-invariant quarkonium
distribution amplitudes. It is then argued that each
quarkonium distribution amplitude can be written as
a sum of products of perturbatively calculable short-
distance coefficients with NRQCD long-distance matrix
elements. The difficulties that occur in establishing this
step for inclusive quarkonium production do not appear
in the case of exclusive quarkonium production because
only color-singlet QQ pairs evolve into quarkonia in ex-
clusive production. The proofs of factorization for exclu-
sive quarkonium production reveal that the violations of
factorization are generally suppressed by a factor mgv/p
for each final-state quarkonium and, therefore, vanish in
calculations of quarkonium production at order v in the
velocity expansion.

The factorization proofs in Refs. [643, 644] also estab-
lish factorized forms in which the light-cone distribution
amplitudes, rather than NRQCD long-distance matrix el-
ements, account for the nonperturbative properties of the
quarkonia. In contrast with an NRQCD long-distance
matrix element, which is a single number, a light-cone
distribution amplitude is a function of the heavy-quark
longitudinal momentum fraction. Hence, the light-cone
distribution amplitudes are incompletely determined by
phenomenology, and predictions that are based on light-
cone factorization formulas [645—649] must rely on con-
strained models for the light-cone distribution ampli-
tudes. Generally, the quantitative effects of the model
assumptions on the light-cone factorization predictions
are not yet known.

4.1.10. Factorization in quarkonium decays

There are NRQCD factorization formulas for exclusive
quarkonium decay amplitudes and for inclusive quarko-
nium decay rates [138]. As in the NRQCD factor-
ization formula for inclusive quarkonium production in
Eq. (154), these decay formulas consist of sums of prod-
ucts of NRQCD matrix elements with short-distance co-
efficients. In the cases of decays, the short-distance co-
efficients are evaluated at a scale p of order mg and are
thought to be calculable as power series in ag(p). It is
generally believed that the NRQCD factorization formula
for quarkonium decays can be proven by making use of
standard methods for establishing perturbative factoriza-
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tion. The color-singlet NRQCD long-distance production
matrix elements are proportional, up to corrections of rel-
ative order v*, to the color-singlet NRQCD long-distance
decay matrix elements. However, there is no known re-
lationship between the color-octet production and decay
matrix elements.

4.1.11.  Future opportunities

One of the crucial theoretical issues in quarkonium
physics is the validity of the NRQCD factorization for-
mula for inclusive quarkonium production. It is very im-
portant either to establish that the NRQCD factorization
formula is valid to all orders in perturbation theory or to
demonstrate that it breaks down at some fixed order in
perturbation theory.

The NRQCD factorization formula is known to break
down when an additional heavy quark or antiquark is
produced in close proximity to a QQ pair that evolves
into a quarkonium. It would help in assessing the numeri-
cal importance of such processes if experimental measure-
ments could determine the rate at which heavy-flavored
mesons are produced nearby in phase space to a heavy
quarkonium. If such processes prove to be important nu-
merically, then it would be useful to extend the NRQCD
factorization formalism to include them.

4.2. Production at the Tevatron, RHIC and the
LHC

The first measurements by the CDF collaboration of
the direct production'® of the J/¢ and the (29) at
Vs = 1.8 TeV [628, 650] revealed a striking discrepancy
with the existing theoretical calculations: The observed
rates were more than an order of magnitude greater than
the calculated rates at leading order (LO) in a, in the
CSM. (See Sect. 4.1.2 for a discussion of the CSM.)
This discrepancy has triggered many theoretical studies
of quarkonium hadroproduction, especially in the frame-
work of NRQCD factorization. (See Sect. 4.1.4 for a dis-
cussion of NRQCD factorization.) In the NRQCD factor-
ization approach, mechanisms beyond those in the CSM
arise, in which the production of charmonium states pro-
ceeds through the creation of a c¢ pair in a color-octet
state. For the specific case of the production of the J/4
or the ¥(2S5) (henceforth denoted collectively as “4”),
these color-octet transitions take place at higher orders
in v. Depending on the convergence of the expansions

10 “prompt production” excludes quarkonium production from
weak decays of more massive states, such as the B meson. “Di-
rect production” further excludes quarkonium production from
feeddown, via the electromagnetic and strong interactions, from
more massive states, such as higher-mass quarkonium states.



in ag and v and the validity of the NRQCD factoriza-
tion formula, the NRQCD factorization approach may
provide systematically improvable approximations to the
inclusive quarkonium production rates. For some recent
reviews, see Refs. [1, 651-653]. For some perspectives on
quarkonium production at the LHC, see Ref. [654].

Despite recent theoretical advances, which we shall de-
tail below, we are still lacking a clear picture of the mech-
anisms at work in quarkonium hadroproduction. These
mechanisms would have to explain, in a consistent way,
both the cross section measurements and the polarization
measurements for charmonium production at the Teva-
tron [329, 628, 650, 655-658] and at RHIC [659-664].
For example, the observed pr spectra in prompt @ pro-
duction seem to suggest that a dominant contribution
at large pr arises from a color-octet process in which a
gluon fragments into a QQ pair, which then evolves non-
relativistically into a quarkonium. Because of the ap-
proximate heavy-quark spin symmetry of NRQCD, the
dominance of such a process would lead to a substan-
tial transverse component for the polarization of ’s pro-
duced at large pr [665-667]. This prediction is clearly
challenged by the experimental measurements [658].

A possible interpretation of such a failure of NRQCD
factorization is that the charmonium system is too light
for relativistic effects to be small and that, in phenomeno-
logical analyses, the velocity expansion of NRQCD [138]
may have been truncated at too low an order. How-
ever, such an explanation would seem to be at odds with
other successful predictions of the NRQCD approach to
charmonium physics. If the convergence of the velocity
expansion of NRQCD is indeed an issue, then one would
expect better agreement between theory and the avail-
able experimental data on hadroproduction in the case
of the bottomonium states and, in particular, in the case
of the T. Better convergence of the velocity expansion
might explain, for example, why a computation that re-
tains only color-singlet contributions [620] (that is, only
contributions of leading order in v) seems to be in bet-
ter agreement with the data for T production [668-671]
than with the data for ¢ production [329]. We will dis-
cuss this comparison between theory and experiment in
greater detail later.

In efforts to identify the mechanisms that are at work
in inclusive ¥ or T production, it is important to have
control of the higher-order perturbative corrections to the
short-distance coefficients that appear in the NRQCD
factorization formula. Several works have been dedi-
cated to the study of the corrections of higher-order in
as and their phenomenological implications for the dif-
ferential production rates. We summarize these results
in Sects. 4.2.1 and 4.2.2. An important observable that
has been reanalyzed in the context of higher-order per-
turbative corrections is the polarization of the quarko-
nium. We review the analyses of the quarkonium po-
larization in Sect. 4.2.3. In addition to the rates and
polarizations in inclusive quarkonium production, other
observables have been shown to yield valuable informa-
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tion about the production mechanisms. We discuss them
in Sect. 4.2.4. Finally, we summarize the future opportu-
nities for theory and experiment in inclusive quarkonium
hadroproduction in Sect. 4.2.5.

4.2.1.  Channels at higher-order in o

At the LHC, the Tevatron, and RHIC, quarkonium
production proceeds predominantly via gluon-fusion pro-
cesses. The production cross sections differential in pp
for S-wave quarkonium states have been calculated only
recently at NLO in a; (Refs. [618, 619, 672-674]). These
NLO calculations also provide predictions for the quarko-
nium polarization differential in pr. In the case of the
production of spin-triplet P-wave quarkonium states, the
NLO corrections to the production rate differential in pr
have been calculated even more recently [675].

One common outcome of these calculations is that the
total cross sections are not much affected by corrections
of higher order in «; [619, 676]. That is, the perturbation
series for the total cross sections seem to exhibit normal
convergence. However in the case of ¥, T, or x.; pro-
duction via color-singlet channels, very large corrections
appear in the cross sections differential in p3. at large pr-.
This behavior, which has also been seen in photoproduc-
tion [677], is well understood. QCD corrections to the
color-singlet parton cross section open new production
channels, whose contributions fall more slowly with pr
than do the LO contributions. Hence, the contributions
from the new channels increase substantially the cross
section in the large-pr region.

We now discuss this phenomenon briefly. If only the
LO (order-a?) contribution to the production of a color-
singlet 2S; QQ state is taken into account, then the
partonic cross section differential in p% scales as p;8
(Refs. [612-614, 616, 678]). This behavior comes from
the contributions that are associated with “box” graphs,
such as the one in Fig. 50(a). At NLO in ay (order a?),
several contributions with distinct kinematic properties
arise. The loop corrections, illustrated in Fig. 50(b), are
not expected to have substantially different pr scaling
than the Born contributions. However, the t-channel
gluon-exchange diagrams, such as the one depicted in
Fig. 50(c), yield contributions that scale as p;ﬁ and are,
therefore, kinematically enhanced in comparison with the
Born contribution. At sufficiently large pr, this contribu-
tion has a kinematic enhancement that compensates for
its as suppression, and it is expected to dominate over
the Born contribution. At NLO, there is also a contribu-
tion that arises from the process in which a second QQ
pair is produced, in addition to the QQ pair that evolves
into a quarkonium. In this “associated production” pro-
cess, both QQ pairs have the same flavor. In the limit
pr > mgq, the associated-production mechanism reduces
to heavy-quark fragmentation. Therefore, in this limit,
the corresponding partonic cross section differential in
p2 scales as p;4. The associated-production contribu-
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FIG. 50: Representative diagrams that contribute to the
hadroproduction of 3S; quarkonium states via color-singlet
channels at orders o (a), a? (b,c,d), and o2 (ef), and via
color-octet channels at order o2 (g,h). The quark and anti-
quark that are attached to the ellipses are taken to be on shell,
and their relative velocity is set to zero. (a)—(f), (g)—(h) from
[620, 652] with kind permission, copyrights (2008, 2009), The
American Physical Society and Springer-Verlag, respectively

tion eventually provides the bulk of the color-singlet par-
ton cross section at sufficiently large py. In the pr re-
gion that is covered by the current experiments, though,
this contribution is relatively small, owing to phase-space
suppression [618].

Similar arguments can be used to understand the im-
pact of QCD corrections on the rates differential in p2
for the production of a Q@ pair in a color-octet state.
At LO in ay, the production of a color-octet 25 QQ
pair proceeds, at large pr, predominantly through gluon
fragmentation [Fig. 50(g)]. Thus, the rate differential in
p3 scales as p§4. This is the smallest power of 1/pr
that is possible in partonic cross sections. Hence, in this
case, the NLO correction cannot contain a kinematically
enhanced channel and does not affect substantially the
shape of the differential rate [674]. The situation is dif-
ferent for the production of a C-even color-octet Q@ pair
because, in this case, there is no fragmentation process
at LO in «,. [See Fig. 50(h).] At LO in s, the rates for
these channels, differential in p2., scale as p;ﬁ. The frag-
mentation channels appear at NLO in as. Consequently
the NLO correction to the differential rate is expected
to yield a substantial enhancement at large pp. This
feature has been checked explicitly in Ref. [674] in the
specific case of the production of a color-octet 'Sy QQ
state.

In view of the strong impact of the correction at NLO
in a5 on the color-singlet differential rate at large trans-
verse momentum, it is natural to examine the QCD cor-
rections that appear at even higher orders in the oy ex-
pansion. At NNLO (order a?), new, important chan-
nels with specific kinematic properties continue to ap-
pear. Some of these channels have actually been studied
for some time in specific kinematic limits in which one
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can take advantage of large separations between differ-
ent perturbative energy scales. The color-singlet gluon-
fragmentation channel [Fig. 50(e)] has been investigated
in the framework of the fragmentation approximation
[679], which is relevant in the limit py > mg. The pro-
cesses in which the QQ pair is produced by the exchange
of two gluons in the ¢ channel [Fig. 50(f)] were investi-
gated in the kp-factorization approach [639-642]. This
approach is relevant in the high-energy limit s > 3, where
s (8) denotes the square of the total four-momentum
of the colliding hadrons (partons). In that kinematic
limit, other enhanced processes, which are initiated by a
symmetric two-gluon color-octet state and an additional
gluon, have been investigated more recently in Ref. [680].
These processes correspond to higher-order contributions
in the framework of the (standard) collinear approxima-
tion of perturbative QCD. The advantage in considering
either of these kinematic limits is that the perturbation
expansion can be reorganized in such a way as to sim-
plify the evaluation of the dominant contribution. Fur-
thermore, the convergence of the perturbation expansion
is improved because large logarithms of the ratio of the
disparate energy scales are resummed. Away from the
asymptotic regime, the corrections to each of these ap-
proaches may be important. The impacts of these cor-
rections in the kinematic region that is covered at the
current hadron colliders is not known accurately. There
is an alternative method that has been proposed for es-
timating the NNLO corrections to the color-singlet dif-
ferential rate that is known as the NNLO* method [620].
The NNLO* method does not attempt to separate the
various energy scales. Instead, it considers only NNLO
corrections involving real gluon emission and imposes an
infrared cutoff to control soft and collinear divergences.
The NNLO* estimates suffer from large uncertainties,
which arise primarily from the sensitivities of these es-
timates to the infrared cutoff and to the choice of renor-
malization scale.

A specific higher-order process that has been in-
vestigated is the so-called “s-channel QQ-cut” process
[681, 682]. In this process, an on-shell QQ pair is pro-
duced. That pair then rescatters into a quarkonium
state. The contribution of LO in ay to the amplitude
for this process is given by the imaginary part of a spe-
cific set of one-loop diagrams [683], and the square of this
amplitude contributes to the cross section at order a3.

In addition to these new results for the QCD correc-
tions to inclusive quarkonium production, there have also
been new results for the QED and relativistic correc-
tions to inclusive quarkonium production. The QED cor-
rection to the inclusive J/v production rate in hadron-
hadron collisions has been computed [684, 685] and turns
out to be small in the region of pr that is covered by
the current experiments. Relativistic corrections to the
color-singlet rate for inclusive J/¢ hadroproduction have
been shown to be negligible over the entire pr range that
is currently accessible [686].



4.2.2.  Phenomenology, including QCD corrections

P, T, and x. production at the Tevatron

In the case of T production, the contributions of the
NLO corrections to the color-singlet channels reduce the
discrepancy between the color-singlet contribution to the
inclusive cross section and the data collected by the CDF
collaboration, as is illustrated in Fig. 51.1' However, the
predicted NLO rate drops too rapidly at large pp, indi-
cating that another production mechanism is at work in
that phase-space region. A recent study [620] has shown
that contributions from channels that open at NNLO (or-
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FIG. 51: Comparison between the CSM predictions at NLO
and NNLO* accuracy for the Y cross section as a function
of the Y transverse momentum at the Tevatron at /s =
1.80 TeV (Ref. [620]) and the CDF data for YT (1S) production
[669]. The crosses are the CDF data for prompt Y(15) pro-
duction, multiplied by F4°* the fraction of direct Y(15)’s in
prompt Y(1S) events, as measured by the CDF collaboration
using an older event sample [668]. The lines show the central
values of the theoretical predictions, and the bands depict the
theoretical uncertainties. The theoretical uncertainty bands
for the LO, NLO, and Y + bb contributions were obtained
by combining the uncertainty from m; with the uncertain-
ties that are obtained by varying the renormalization scale
wy and the factorization scale p, between 2mp and myr/2,
where mp = /4m? + p2. The error band for the NNLO*
contribution is obtained by varying the infrared cutoff s?}in
between 2m; and mj}/2 and by varying u; and . between
2mr and mr /2. From [620] with kind permission, copyright
(2008) The American Physical Society

11 'We note that no phenomenological analysis of xp; production
is available yet at NLO accuracy. Such an analysis would be
necessary in order to predict the prompt T cross section to NLO
accuracy. As a makeshift, one could multiply the available data
by the measurement of the fraction of direct Y’s in the total
rate (integrated over pr) [668]. Note, however, that the NLO
calculation of the x.; production rate [675] indicates that the
fraction of direct J/1’s may depend rather strongly on pr.
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der a3) may fill the remaining gap between the color-
singlet contribution at NLO and the data. The estimate
of the NNLO contribution from this study, called the
“NNLO* contribution”, is shown in the (red) band la-
beled NNLO* in Fig. 51. Owing to the large theoreti-
cal uncertainties, this improved prediction for the color-
singlet contribution does not imply any severe constraint
on other possible contributions, such as a color-octet con-
tribution. However, in contrast with previous LO anal-
yses, in which color-octet contributions were required in
order to describe the data, the NNLO™ estimate of the
color-singlet contribution shows that color-octet contri-
butions are now merely allowed by the rather large the-
oretical uncertainties in the NNLO™ estimate.

The impact of the QCD corrections on the color-
singlet contribution has also been studied in the case of
1 hadroproduction [652]. The comparison with the data
is simpler in the case of the ¥(2S5) than in the case of
the J/v, owing to the absence of significant feeddown
from excited charmonium states to the ¢(25). In a re-
cent paper, the CDF collaboration has reported a new
measurement of the inclusive ¥(25) cross section [329].
The rates for the prompt production of the ¥(2S5) and for
the production of the ¥(25) in B-meson decays were also
extracted in that analysis. The reconstructed differential
rate for the prompt component is compared to the pre-
diction for the color-singlet rate at LO, NLO and NNLO*
accuracy in Fig. 52. At medium values of pp, the upper
limit of the NNLO* rate is compatible with the CDF re-
sults. At larger values of pr, a gap appears between the
color-singlet rate and the data [652]. The J/v differen-
tial production rate has the same qualitative features as
the 1(25) differential production rate [687]. It is worth
emphasizing that the current discrepancy between the
color-singlet rate and the Tevatron data has been dra-
matically reduced by the inclusion of higher-order QCD
corrections.

NLO QCD corrections to the color-octet production
channels 3S; and 1Sy have been analyzed for J/v pro-
duction [674] and for T production [688]. In both cases,
these corrections proved to be small when the py of the
produced quarkonium is less than 20 GeV. In Ref. [674],
values of the NRQCD long-distance matrix elements
(©77%(°5¥))y and (07/¥(*SE)) were obtained by fit-
ting the theoretical prediction to the prompt production
rate that was measured by the CDF collaboration [657].
The values of the NRQCD matrix elements that were ex-
tracted in this analysis are compatible with the values
that were extracted in LO analyses. In the analysis of
Ref. [674], feeddown contributions were ignored and the
P-wave color-octet long-distance matrix elements were
set to zero. A satisfactory fit could not be obtained for
the experimental data points that have pr < 6 GeV, and
so these points were not included in the fit. In this re-
gard, it should be kept in mind that resummation of large
logarithms may be needed at small pr and that NRQCD
factorization may break down at small pr.

The s-channel cé-cut (sCC) contributions to
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FIG. 52: Comparison between the CSM predictions for the
1(28) cross sections at LO, NLO, and NNLO™ accuracy as a
function of the ¥ (25) pr at the Tevatron at /s = 1.96 TeV
(Ref. [652]) and the CDF prompt (2S) data [329]. The the-
oretical uncertainty bands for the LO and NLO contributions
were obtained by combining the uncertainty from m,. with
the uncertainties that are obtained by varying the renormal-
ization scale py and the factorization scale p, between 2mr
and mr/2, where mr = /4m2 + p2.. The theoretical un-
certainty band for the NNLO* contribution was obtained by
varying the infrared cut-off s?;i“ between 4m? and m?2 and by
varying py and g, between 2mr and mqe /2. From [652] with
kind permission, copyright (2009) Springer-Verlag

hadroproduction have been investigated in Ref. [681, 682]
in the framework of a phenomenological model. A first
analysis of this model [682], which was based on the data
of Refs. [628, 657] and incorporated constraints for the
small- and large-pr regions, supported rates that are sig-
nificantly larger than those of the CSM prediction. This
analysis, which did not include resummation of initial-
gluon contributions, yielded a good fit to the py depen-
dence of the RHIC data. However, it has been shown
recently, by evaluating the leading-order contribution of
the sCC amplitude in the framework of NRQCD, that
the sCC contributions can account only for a negligible
fraction of the J/1 production rate that is measured by
the CDF collaboration [683].

Some specific NNLO contributions in the CSM were
considered in Ref. [680]. These contributions are re-
ferred to in the literature as the “gluon-tower model.”
They can be viewed as LO BFKL contributions, and,
thus, they are expected to be enhanced in comparison
to other NNLO contributions by a factor logs/s. At
large s, this logarithm may compensate for the a2 sup-
pression of these contributions. At /s = 1.96 TeV and
ly| < 0.6, the gluon-tower model predicts the J/¢ cross
section, integrated over pr, to be o(|y| < 0.6) = 2.7 ub
(Ref. [680]), in near agreement with the CDF measure-
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ment o(|y| < 0.6) = 4.170% ub (Ref. [689]).'2 However,
the theoretical prediction is somewhat sensitive to an ef-
fective gluon mass that is introduced as an infrared cutoff
in the model. The comparison does not take into account
feeddown from P-wave states in the measured cross sec-
tion, and the model cannot, at present, predict the pr
dependence of the cross section.

At LO in ag, NRQCD factorization predicts that the
ratio of production cross sections, Ry, = 0y,,/0y., 1S
dominated by the color-octet contribution at large pr
and approaches the value R,, = 5/3 as pr increases.
This LO prediction is in sharp disagreement with the
CDF measurement [691], which finds that R, ~ 0.75 at
large pr. Recently, NLO corrections to x.; production
have been calculated in Ref. [675]. It is found that the
NLO corrections are large at large pr. They make the
contributions of the color-singlet 3P; channels negative
and comparable to the color-octet contribution for large
pr. They also cause the 2P, color-singlet contribution to
fall at a slower rate than the 3P, color-singlet contribu-
tion as pr increases. Taking into account the large NLO
correction, the authors of Ref. [675] were able to fit the
measured pr distribution of R, , using a plausible value
for the ratio of the relevant NRQCD long-distance ma-
trix elements. Hence, there may now be a resolution of
this outstanding conflict between theory and experiment.
One interesting prediction of the fit to R, in Ref. [675]
is that the feeddown from the y.; states to the J/4 state
may be quite large—perhaps 30% of the prompt J /1 rate
at pr = 20 GeV. Such a large proportion of feeddown
events in the prompt J/1 rate could have an important
effect on the prompt J/v polarization.

New NLO hadroproduction results

As this article was nearing completion, two papers
[692, 693] appeared that give complete calculations of
the corrections of NLO in «g for the color-octet produc-
tion channels through relative order v*, that is, for the
color-octet 357, 1Sy, and 3P; channels We now give a
brief account of these results.

The calculations in Refs. [692, 693] are in numerical
agreement for the short-distance coefficients for J/ pro-
duction at the Tevatron. The calculations confirm that
the corrections to the color-octet 3S; and 1S, channels
are small, but also show that there is a large, negative K
factor in the color-octet 3 Py channel.

In Ref. [692], the NLO calculation was fit to the CDF
data for the prompt production of the J/v and the ¢ (25)
[329, 657], and values were obtained for two linear com-
binations of NRQCD long-distance matrix elements. In
the case of the J/1, these fits took into account feed-
down from the t(25) state and the x.; states, where the

12 We note that the LO CSM result for the pp-integrated direct J/
cross section do/dy, evaluated at y = 0 (Ref. [690]), is compatible
with the CDF [657] and PHENIX [659, 663] measurements.



latter was obtained from the NLO calculation of x. pro-
duction [675] that was described above. Satisfactory fits
could not be obtained to the experimental data points for
the J/v and the 1(25) with pr < 7 GeV, and so these
points were excluded from the fits. The fitted values of
the linear combinations of matrix elements were used to
predict the cross section for J/¢ production at CMS, and
good agreement with the CMS data [694] was obtained.
This analysis suggests the possibility that that the cross
section is dominated by the color-octet 'Sy contribution,
rather than by the color-octet S contribution, in con-
trast with conclusions that had been drawn on the basis
of LO fits to the Tevatron data.

In Ref. [693], values of the NRQCD long-distance ma-
trix elements were extracted by using the NLO calcula-
tion of J/¢ hadroproduction of Ref. [693] and an NLO
calculation of J/1 photoproduction from Ref. [695] to
make a combined fit to the CDF Run II data for prompt
J/v production [657] and to the HERA I and HERA II
H1 data for prompt J/v photoproduction [696, 697]. In
this fit, only CDF data with py > 3 GeV were used, as
the flattening of the cross section at smaller values of pr
cannot be described by fixed-order perturbation theory.
Feeddown of the 9(2S) and x.; states to the J/¢ was
not taken into account in the fits. This is the first mul-
tiprocess fit of NRQCD long-distance matrix elements
for quarkonium production. The values of the NRQCD
long-distance matrix elements that were obtained in this
fit do not differ greatly from those that were obtained
in LO fits. They were used to predict the cross sections
for prompt J/1 production at PHENIX [662] and CMS
[694], and good agreement with the data was achieved in
both cases.

The values of the linear combinations of J/¢¥ NRQCD
long-distance matrix elements that were obtained in
Ref. [692] are not consistent with the values of the
NRQCD long-distance matrix elements that were ob-
tained in Ref. [693]. Since the calculations of Refs. [692,
693] are in agreement on the short-distance cross sections,
any discrepancies in the extracted NRQCD long-distance
matrix elements must be due to differences in the fitting
procedures. Clearly, it is necessary to understand the sig-
nificance of the various choices that have been made in
the fitting procedures before any definite conclusions can
be drawn about the sizes of the NRQCD long-distance
matrix elements.

J/v production at RHIC

Recently, the STAR collaboration at RHIC has re-
ported an analysis of prompt J/¢ production for values
of pr up to 12 GeV (Ref. [664]). In Ref. [664], the mea-
sured production rate as a function of pr is compared
with predictions based on NRQCD factorization at LO
[698] and the CSM up to NNLO* accuracy [620]. The
calculations do not include feeddown from the 1 (25) and
the x. states. The data clearly favor the NRQCD fac-
torization prediction over the CSM prediction. However,
no definite conclusions can be drawn because the effects
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of feeddown have not been taken into account.

A calculation of prompt J/v production at RHIC, in-
cluding feeddown from the ¢(2S) and x. states, has been
carried out in Ref. [699] in the CSM and the NRQCD fac-
torization formalism at LO. In Fig. 53, we show a compar-
ison between the predictions of Ref. [699] for the prompt
J/1 cross section as a function of pr and data from the
PHENIX collaboration [662, 663]. Again, the NRQCD
predictions are favored over the CSM predictions. How-
ever, in this case, the small values of pr involved may call
into question the validity of perturbation theory, and the
omission of higher-order corrections to the CSM, which
are known to be large, also undermines the comparison.

Higher-order corrections to the color-singlet contribu-
tion to J/v production at RHIC have been considered
in Ref. [700] and were found to be large. A comparison
between the predictions of Ref. [700] for the cross section
differential in pr and the PHENIX and STAR prompt
J/1¢ data is shown in Fig. 54. The color-singlet contri-
butions through NLO agree with the PHENIX prompt
J/v data for pr in the range 1-2 GeV, but fall substan-
tially below the PHENIX and STAR prompt J/v data
for larger values of pp. The NNLO* color-singlet contri-
bution can be computed reliably only for pp > 5 GeV.
The upper limit of the theoretical uncertainty band for
the NNLO* contribution is compatible with the PHENIX
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FIG. 53: Comparison of the LO NRQCD and the LO CSM
predictions for the J/1 cross section as a function of the J/v
transverse momentum [699] with the data from the PHENIX
collaboration [662, 663]. The theoretical uncertainty bands
were obtained by combining the uncertainties from m. and
the NRQCD long-distance matrix elements with the uncer-
tainties that are obtained by varying the renormalization scale
ur and the factorization scale py between 2mr and mr/2.
Here my = y/4m2 + p%. From [699] with kind permission,
copyright (2010) The American Physical Society



and STAR data, although the theoretical uncertainties
are very large.

As we have mentioned above, the NLO analysis of
Ref. [693], which includes the 357, 1Sy, and 3P; color-
octet channels, uses matrix elements that are extracted
from a combined fit to CDF data [657] and H1 data
[696, 697] to predict the cross sections for J/¢ produc-
tion at HERA. This prediction agrees well with PHENIX
data [662].

Ezxclusive production of charmonia

The exclusive production of charmonium states (plus
beam particles) has also been observed at hadron-hadron
colliders. In most current theoretical models, the exclu-
sive production of states with charge parity —1, such as
the J/v or the 1(25), is dominated by the process of
photon-Pomeron fusion (photoproduction), while the ex-
clusive production of states with charge parity +1, such
as the x.g, is dominated by the process of Pomeron-
Pomeron fusion. In perturbative model calculations, the
Pomeron is represented as an exchange of two or more
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FIG. 54: Comparison between CSM prediction for the J/v
cross section at NLO accuracy as a function of the J/v
transverse momentum in pp collisions at RHIC at /syy =
200 GeV and |y| < 0.35 (Ref. [700]) and the PHENIX [659]
and STAR, [664] prompt J/¢ data. The NLO™T contribution
contains the contributions from gg and gq fusion at NLO
accuracy, where ¢q is a light quark, plus the contribution
from cg fusion at LO accuracy. The theoretical uncertainty
band for the NLO™' contribution was obtained by combin-
ing the uncertainties that are obtained by varying m. in the
range 1.4 GeV < m. < 1.6 GeV and by varying the fac-
torization scale py and the renormalization scale p, through
the values ((0.75,0.75); (1, 1);(1,2); (2,1);(2,2)) x mr. Here
mr = \/4m2 4 p%. The theoretical uncertainty band for
the NNLO* contribution was obtained by combining the un-
certainties that are obtained by varying m. in the range
1.4 GeV < m. < 1.6 GeV, by varying py and p, in the
range 0.5mr < py = pr < 2mr, and by varying the infrared
cutoff 3" in the range 2.25 GeV? < si3™ < 9.00 GeV>. From

Ref. [700]
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gluons in a color-singlet state. Exclusive quarkonium
production could provide an important tool with which
to probe these mechanisms.

The CDF Collaboration has measured exclusive J/,
¥(25), and x. production in pp collisions at /s =
1.96 TeV (Ref. [701]). The CDF measurements are in
agreement with theoretical predictions that are based
on models for the Pomeron [702-710]. The PHENIX
collaboration has measured exclusive J/1 production in
Au+Au collisions at /5, = 200 GeV (Ref. [711]) and
also finds agreement with theoretical predictions [712—
719]. See Sect. 5.7 for more on photoproduction in nu-
clear collisions.

X (3872) production at the Tevatron and the LHC

Since the discovery of the X (3872) by the Belle collab-
oration in 2003 (Ref. [85]), this state has attracted a large
interest in the particle-physics community. The X (3872)
is the exotic state for which the largest experimental
data set is available. The production of the X (3872)
at the Tevatron has been analyzed by both the CDF col-
laboration [88-90] and the D@ collaboration [91] in the
J/¢ 7T r~ decay channel. The CDF collaboration has
shown that most of the X (3872)’s at the Tevatron are
produced promptly, rather than through b-hadron decays
[720].

As is discussed in Sects. 2.3.1, 2.9.3, and 2.9.4 of this
article, the exact nature of the X (3872) is still subject to
debate. Nevertheless, it is plausible that the prompt pro-
duction rate of the X (3872) can be predicted correctly
in the factorization framework of NRQCD. The reason
for this is that, in all the viable hypotheses as to the
nature of the X (3872), the particle content of the state
includes a charm-quark pair with a relative momentum
q < m¢. The small size of g suggests that one can make
use of the NRQCD expansion of the production rate in
powers of q¢/m.. It follows that the expression for the
cross section is given by the NRQCD factorization for-
mula in Eq. (154). It was argued in Refs. [332, 721] that
it is reasonable to truncate the NRQCD series so that
it includes only contributions to the X (3872) production
rate from c¢ pairs that are created in an S-wave con-
figuration. Moreover, in the case of hadroproduction, it
was argued that a truncation that retains only the color-
octet 3S; channel would provide a reliable prediction at
large transverse momentum. It follows that the corre-
sponding NRQCD long-distance matrix element can be
extracted from the measured production rate at the Teva-
tron in the J/¢ 7T 7~ decay channel. In Ref. [332], the
aforementioned simplifying assumptions are used in the
NRQCD factorization framework to predict the prompt
production rate for X (3872) — J/v w7~ as a function
of pp for various LHC experiments. In the same work,
the production of the X (3872) from b-hadron decays is
discussed. The data samples at the LHC are predicted
to be large, suggesting that the X (3872) can be studied
very effectively at the LHC. Measurements of the prompt
production rate at the LHC as a function of pyr would



provide a key test of the NRQCD factorization approach
to X (3872) hadroproduction.

4.2.3.  Quarkonium polarization: a key observable

Measurements of quarkonium polarization observables
may yield information about quarkonium production
mechanisms that is not available from the study of un-
polarized cross sections alone.

The three polarization states of a J = 1 quarkonium
can be specified in terms of a particular coordinate sys-
tem in the rest frame of the quarkonium. This coordinate
system is often called the “spin-quantization frame.” In
a hadron collider, the J/v, ¥(25) and T resonances are
reconstructed through their electromagnetic decays into
a lepton pair. The information about the polarization of
the quarkonium state is encoded in the angular distribu-
tion of the leptons. This angular distribution is usually
described in the quarkonium rest frame with respect to
a particular spin-quantization frame. In that case, the
angular distribution of the quarkonium can be expressed
in terms of three real parameters that are related to the
spin-polarization amplitudes of the J = 1 quarkonium
state.

In hadron-hadron collisions, polarization analyses are
often restricted to the measurement of the distribution as
a function of the polar angle with respect to the chosen
spin-quantization axis. This distribution is parametrized
as

1+ acos? fyp. (157)

The parameter a in Eq. (157) is directly related to
the fraction of the cross section that is longitudinal (or
transverse) with respect to the chosen spin-quantization
axis: a = 1 corresponds to 100% transverse polarization;
a = —1 corresponds to 100% longitudinal polarization.

In experimental analyses, knowledge of the angular
distribution of dileptons from quarkonium decay is im-
portant because, typically, detector acceptances fall as
dileptons are emitted more along the direction of the
quarkonium momentum—especially at small pp. This
effect is included in the corrections to the experimental
acceptance. However, it induces systematic experimental
uncertainties.

In theoretical calculations, polarization parameters,
such as the polar asymmetry «, can be expressed in
terms of ratios of polarized quarkonium cross sections.
In some cases, these ratios are less sensitive than the
production cross sections to the theoretical uncertainties
from quantities such as the factorization scale, the renor-
malization scale, the heavy-quark mass, and the NRQCD
long-distance matrix elements. For example, in the cases
of the production of the J/1 or the 1(25) in the NRQCD
factorization formalism, the polarization parameter o de-
pends, to good approximation, on ratios of color-octet
long-distance matrix elements, but not on their magni-
tudes.
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One should keep in mind that a measurement of the
polar asymmetry parameter « alone does not give com-
plete information about the polarization state of the pro-
duced quarkonium. The importance of measuring all of
the parameters of the dilepton angular distribution for a
variety of choices of the spin-quantization frame has been
emphasized in Refs. [722, 723]. The significance of the in-
formation that is obtained in measuring « alone depends
very much on the orientation of the spin-quantization
axis. So far, most of the theoretical studies of polar-
ization in quarkonium production have been carried out
for the case in which the spin-quantization axis is taken
to be along the direction of the quarkonium momentum
in the laboratory frame [618, 620, 639642, 652, 665—
667, 672, 674, 680-682, 724, 725]. That choice of spin-
quantization axis [665] is often referred to as the “helic-
ity frame.” In Ref. [726], it is shown that one can make
more sophisticated choices of the spin-quantization axis,
which involve not only the kinematics of the quarkonium
state, but also the kinematics of other produced parti-
cles. These alternative choices of spin-quantization axis
can increase the significance of the measurement of a.
However, their optimization requires knowledge of the
dominant quarkonium production mechanism.

Experimental measurements of quarkonium polariza-
tion have been made for a variety of spin-quantization
frames. Measurements by the CDF [656, 658, 669], DO
[671], and PHENIX [661-663] collaborations were car-
ried out in the helicity frame, while some measurements
at fixed-target experiments [727, 728] were carried out in
the Collins-Soper frame [729]. Recently, the Hera-B col-
laboration has analyzed quarkonium polarizations [730]
not only in the helicity and Collins-Soper frames, but
also in the Gottfried-Jackson frame [731], in which the
spin-quantization axis is along the direction of the inci-
dent beam. In Ref. [722], a global analysis was made
of polarization measurements that were carried out in
the Collins-Soper and helicity frames. That analysis
shows that the results that were obtained in these two
spin-quantization frames are plausibly compatible when
the experimental rapidity ranges are taken into account.
However, it is clear that additional analyses in different
spin-quantization frames would be very informative.

According to the CDF Run II measurement of the v
polarization in the helicity frame [658], the prompt
yield becomes increasingly longitudinal as pp increases.
The disagreement of this result with a previous CDF
polarization measurement that was based on Run I
data [656] has not been resolved. In Fig. 55 the CDF
measurement of the polarization parameter « for the
prompt J/¢ production at the Tevatron in Run II is
compared with the NRQCD factorization prediction at
LO in as (Ref. [667]). This prediction ignores possible
violations of the heavy-quark spin symmetry, which ap-
pear at relative order v3. The effects of feeddown from
the (2S) and the x.s states are taken into account in
the NRQCD factorization prediction. However, it should
be kept in mind that the corrections at NLO in ay to



the . production rate are large [675] and are not taken
into account in the NRQCD prediction in Fig. 55. The
solid line in Fig. 55 is the prediction from the kr factor-
ization approach [640], which includes only color-singlet
contributions.

At LO accuracy in «g, the NRQCD factorization pre-
diction for the J/¢ polarization clearly disagrees with
the observation of a very small polar asymmetry in the
helicity frame. One obvious issue is the effect of correc-
tions of higher order in ag on the NRQCD factorization
prediction.

Corrections of higher order in a5 to J/v production via
the color-singlet channel dramatically affect the polariza-
tion in that channel. While the prediction at LO in oy
for the helicity of the J/v in the color-singlet channel is
mainly transverse at medium and large pr, calculations
at NLO or NNLO* accuracy for the color-singlet channel
reveal a polarization that is increasingly longitudinal as
pr increases, as can be seen in Fig. 56. A similar trend
for the polarization as a function of py is found in some
other analyses of the color-singlet channel, such those
in the kp factorization approach [639-642] (see Fig. 55),
the gluon-tower approach [680], and the s-channel-QQ-
cut approach [681, 682].

In the case of the color-octet 3S; channel, the NLO
correction to the helicity of the J/1 is very small [674].
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FIG. 55: The polarization parameter « for prompt J/v pro-
duction in pp collisions at /s = 1.96 TeV as a function of
pr. The points are the CDF data [658], the band is the pre-
diction from LO NRQCD factorization [667], and the line
is the prediction from kr factorization [640]. The theoret-
ical uncertainty in the LO NRQCD factorization prediction
was obtained by combining the uncertainties from the par-
ton distributions (estimated by comparing the MRST98LO
(Ref. [732]) and the CTEQSL (Ref. [733]) distributions), the
uncertainties from the color-octet NRQCD long-distance ma-
trix elements, the uncertainties that are obtained by varying
me in the range 1.45 GeV < m. < 1.55 GeV, and the un-
certainties that are obtained by varying the factorization and
renormalization scales in the range 0.5mr < pf = pr < 2my.
Here mp = y/4mZ + p%. From [658] with kind permission,
copyright (2007) The American Physical Society
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This NLO correction would not change substantially the
comparison between the NRQCD factorization prediction
and the experimental data that is shown in Fig. 55. As
we have explained in Sect. 4.2.2, the NLO analysis of
Ref. [692] suggests the possibility that the J/v¢ direct-
production cross section is dominated by the color-octet
1Sy contribution, rather than by the color-octet 25 con-
tribution, even at the largest values of pr that are ac-
cessed in the Tevatron measurements. However, the NLO
analysis in Ref. [693] concludes that the color-octet 35
contribution at NLO is not very different from that at
LO. A complete NLO analysis of the direct J/v¢ polar-
ization, including the contribution of the color-octet 3P;
channel is still lacking and is an important theoretical
goal. Further progress in determining the relevant pro-
duction mechanisms would be aided significantly by high-
statistics measurements of the polarizations of the J/1,
the x.s, and the ¥(2S5) in direct production.

The polarization of the .J/v¢ has also been measured
in hadronic collisions at /s = 200 GeV. Data from the
PHENIX collaboration for prompt J/v polarization as
a function of pr (Refs. [662, 663]) exist in the range
0 < pr < 3 GeV and indicate a polarization that is com-
patible with zero, with a trend toward longitudinal polar-
ization as pr increases. Comparisons of the data with LO
calculations in the CSM and the NRQCD factorization
formalism [699] are given in Refs. [662, 699]. As can be
seen from Fig. 57, the data favor the NRQCD factoriza-
tion prediction and are in agreement with it. However,
the small values of py involved may call into question
the validity of the NRQCD factorization formula. The
NLO color-singlet contribution to the J/¢ polarization
at RHIC has been computed in Ref. [700]. A comparison
of this prediction with the PHENIX prompt .J/v data dif-
ferential in pr [661, 662] is shown in Fig. 58. As can be
seen, the CSM contributions to the polarization through
NLO are in agreement with the PHENIX prompt J/1
data.

The polarization of the Y(1S) in prompt produc-
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FIG. 56: Predictions for the polarization parameter o for
direct J/v production in the color-singlet channel in pp col-
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FIG. 57: Comparison of the LO NRQCD and LO CSM pre-
dictions for the prompt J/v polarization in pp collisions at
RHIC at v/Shn = 200 GeV and |y| < 0.35 (Ref. [699]) with
the data from the PHENIX collaboration [662, 663]. The the-
oretical uncertainty bands were obtained by combining the
uncertainties from m. and the NRQCD long-distance matrix
elements with the uncertainties that are obtained by varying
the renormalization scale puy and the factorization scale p,
between 2mr and mr/2. Here mp = y/4mZ + p%. From
[699] with kind permission, copyright (2010) The American
Physical Society

tion has been measured by both the CDF collaboration
(Run 1) [669] and by the D@ collaboration (Run IT) [671].
The D@ measurement has substantially larger experi-
mental uncertainties than the CDF measurement. The
CDF collaboration has recently reported a new prelim-
inary measurement of the polarization of prompt Y’s
that is based on a larger data set from Run II [734].
This Run II measurement is consistent with the CDF
Run I measurement. The results of the CDF Run II and
D@ measurements are shown in Fig. 59, along with the
NRQCD factorization prediction at LO in a;s (Ref. [735]).
The origin of the large discrepancy between the CDF and
D@ data is unclear. However, we note that the CDF mea-
surement was made over the rapidity interval |y| < 0.6,
while the D@ measurement was made over the rapidity
interval |y| < 1.8. The NRQCD factorization predic-
tion in Ref. [735] was integrated over the range |y| < 0.4
(Ref. [736]). The LO NRQCD factorization prediction is
marginally compatible with the CDF data at medium pp
and incompatible with the CDF data at large pr, while
the LO NRQCD factorization prediction is incompatible
with the DO data at medium pr and compatible with the
D@ data at large pr. The effects of higher-order QCD
corrections on the polarization of direct Y’s produced
via the color-singlet channel are shown in Fig. 60. The
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FIG. 58: Comparison of the NLO CSM calculation of J/v
polarization in pp collisions at RHIC at v/Syn = 200 GeV
and |y| < 0.35 (Ref. [700]) with the prompt J/¢ polariza-
tion data from the PHENIX collaboration [661, 662]. The
theoretical uncertainty band was obtained by combining the
uncertainties that are obtained by varying m. in the range
1.4 GeV < m. < 1.6 GeV, by varying the factorization
scale py and the renormalization scale p, over the values
((0.75,0.75); (1,1); (1,2);(2,1); (2,2)) x mp. Here mpr =

\/4m2 + p2.. From Ref. [700]

higher-order corrections in this case have the same quali-
tative features as in the case of ¢: The higher-order cor-
rections change the polarization from nearly 100% trans-
verse to substantially longitudinal. A complete computa-
tion of the prompt T polarization at NLO in the NRQCD
factorization, including feeddown from ;s states, is not
yet available.

4.2.4. New observables in hadroproduction

It may be useful, in order to progress in the un-
derstanding of the mechanisms that are responsible for
heavy-quarkonium production, to identify, to compute,
and to measure new observables.

As we have seen from previous discussions, the 1 and
T production rates in hadron-hadron collisions, differ-
ential in pr, are complicated to calculate because the
dominant color-singlet channels at large pp arise beyond
LO in a;. In the case of the T, higher-order corrections
bring the color-singlet contribution close to the Tevatron
data. However, in the case of v, there is a gap, which
increases with increasing pr, between the higher-order
color-singlet contributions and the data. In both cases,
the uncertainties are very large and, in the T case, they
are too large to make a definite statement about the rela-
tive proportions of color-singlet and color-octet contribu-
tions. However, it is worth noting that the uncertainties
in the higher-order color-singlet contributions affect the
normalization of the differential rates much more than
the shape. This suggests the use of observables that do



XS]

- CDF Preliminary, 2.9 fb"

= CDF ||2.9fb"‘
e DZero1.3fb
NRQCD

S booooo
Ao P O ®
\i\\\»—(—‘—‘—‘—f‘#‘—?—‘—&\‘\\\‘\\\‘\\\
B il
E;
—

-0.6F
-0.8) I
- C 1 | T L
1% 10 20 30 40
pr [GeV/c]

FIG. 59: The polarization parameter « in the helicity frame
for prompt Y(1S) production in pp collisions at /s =
1.96 TeV. The NRQCD factorization prediction at LO in as
(Ref. [735]) is compared with the data of the CDF collabo-
ration [734] and the DO collaboration [671]. The CDF mea-
surement was made over the rapidity interval |y| < 0.6, while
the D measurement was made over the rapidity interval
ly] < 1.8. The NRQCD factorization prediction in Ref. [735]
was integrated over the range |y| < 0.4 (Ref. [736]) and in-
cludes feeddown from the Y(25), T(35), xs(1P), and x»(2P)
states. The theoretical uncertainty band was obtained by
combining the uncertainties from the NRQCD long-distance
color-singlet and color-octet matrix elements, my, the par-
ton distributions, and the quarkonium branching fractions
with uncertainties that are obtained by varying the renor-
malization and factorization scales from ur/2 to 2ur. Here
pr = \/m2 + p2. Figure provided by Hee Sok Chung, using
Ref. [737], which is based on the analysis of Ref. [734]

not depend on the total rate. One interesting proposal is
to compare ratios of differential cross sections at different
values of /s, the center-of-mass energy of the colliding
hadrons [738]. For a given color channel, this ratio can
be predicted quite accurately. If the ratios that are as-
sociated with the color-singlet and color-octet channels
are sufficiently well separated, then the relative sizes of
the color-singlet and color-octet contributions could be
extracted by comparing the measured production rate at
the Tevatron with the measured production rate at the
LHC.

One interesting observable is the hadronic activity near
the quarkonium direction [739] or, more generally, the
J/1-hadron azimuthal correlation. The UA1 collabo-
ration compared their charged-track distributions with
Monte Carlo simulations for a J/¢ produced in the de-
cay of a b hadron and a J/v¢ produced in feeddown from
a XcJ state [740, 741]. At the time of the UA1 study, x.
feeddown was still expected to be the dominant source
of prompt J/¢’s. In either the NRQCD factorization
formalism or the CSM at higher orders in ay, it is ex-
pected that the production process for prompt J/¢’s is
more complex than the x.;-feeddown process alone. Re-
cently, the STAR collaboration reported the first mea-
surement of the J/v-hadron azimuthal correlation at
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FIG. 60: Polarization parameter « for direct T production in
the color-singlet channel in pp collisions at /s = 1.96 TeV at
LO, NLO and NNLO* accuracy. Most of the uncertainties in
a for the LO, T + bb, and NLO cases cancel. The theoretical
uncertainty band for the NNLO™ case was obtained by varying
the infrared cutoff s?;i“ between 2mj and mj /2 and by varying
wy and u, between mr /2 and 2myr. Here mr = /4m2 + pZ.
The variations with respect to puy and p, are negligible in
comparison with the variation with respect to s?}i“. From
[620] with kind permission, copyright (2008) The American
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RHIC [664, 742]. The STAR collaboration compared its
measurement with up-to-date LO PYTHIA predictions'®
and found no significant hadronic yield in the direction
of the J/1 beyond that which is expected from the LO
PYTHIA predictions. Observation of the hadronic ac-
tivity around the quarkonium might help to disentan-
gle color-octet contributions from color-singlet contribu-
tions to the inclusive production process. One expects
additional hadronic activity around the quarkonium in
color-octet production. However, in practice, it may be
difficult to identify this hadronic activity [739] because
there are competing effects, such as the suppression of
collinear gluon radiation from massive particles (dead-
cone effect) and the suppression of soft gluon radiation
from color-singlet objects, both of which would be diffi-
cult to compute reliably.

It would be useful to identify additional observables
that can be computed reliably in order to test the many
production models that are available [1, 651]. One such
observable could be the rate of production of heavy-flavor
mesons in association with a quarkonium. Final states
that could be studied include ¢ + ¢é and Y + bb. Associ-
ated production could be investigated first in pp collisions
and subsequently in pA and AA collisions. The study of
associated production in hadron collisions is motivated
by measurements that were carried out at the B facto-
ries that show that, in a surprisingly large fraction of
J/1 events, a second ¢¢ pair is produced. (See Sect. 4.6.)
It is not yet known whether such a large fraction of
J/1 + c¢ events occurs in hadroproduction. Analyses

13 Note that one expects such predictions to be affected by channels
that appear beyond LO in as.



at the Tevatron and at RHIC are already possible. The
LO prediction for associated production at the Tevatron
at /s = 1.96 TeV has been computed in Ref. [618] and
shows that the integrated cross sections are significant:

o(J/p +ce) x B(J/tp — pTpu™) ~ 1 nb;

o(YT +bb) x B(Y = pTpu~) ~ 1pb. (158)

In order to illustrate the measurement potential at RHIC,
the author of Ref. [652] computed the differential cross
sections as a function of pr and found them to be on the
order of 1 pb/GeV at pr = 5 GeV for the STAR kinemat-
ics. Measurements of such processes would provide tests
of the NRQCD factorization formalism. They would also
provide information about the color-transfer mechanism
[635, 636] (see Sect. 4.1.7), which involves soft-gluon ex-
changes between comoving heavy particles and is known
to violate standard NRQCD factorization. In this case,
it would be useful to compare heavy-flavor activity near
the quarkonium direction and away from the quarkonium
direction.

A new observable that could be measured in existing
and future experiments is the rate of production of a pho-
ton in association with a J/v¢ or an Y. The QCD correc-
tions to the rates for these processes have been computed
recently at NLO [724] and NNLO* [725] accuracy. As is
argued in Ref. [725], a measurement of such processes
would provide information on the quarkonium produc-
tion mechanisms that is complementary to that which is
provided by measurements of inclusive quarkonium pro-
duction.

In order to facilitate phenomenological studies, an au-
tomated tree-level amplitude generator MadOnia [743]
has been developed for processes involving quarkonium
production or decay. It is now embedded in the online
version of MadGraph/MadEvent [744] and, thus, is pub-
licly available. A number of studies [618, 620, 676, 725,
745, 746] have already taken advantage of the flexibility
of MadOnia and of the possibility to interface it with
showering and hadronization programs.

4.2.5.  Future opportunities

The results of the past few years, on both the theo-
retical and experimental fronts, have yielded important
clues as to the mechanisms that are at work in inclusive
quarkonium hadroproduction. In general, however, theo-
retical uncertainties remain too large to draw any definite
conclusions about the production mechanisms.

Regarding these uncertainties, one of the key issues
is that, in color-singlet production channels, the mecha-
nisms that are dominant at large pr appear only at higher
orders in a,. (See Sects. 4.2.1 and 4.2.2.) In addition
to the new complete calculations of NLO contributions,
estimates have been made of the NNLO contributions
to ¢ and Y production in the color-singlet channels in
several different frameworks (the fragmentation approx-
imation, the kr factorization approach, the gluon-tower
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model, and the NNLO* approach). A more accurate
treatment of higher-order corrections to the color-singlet
contributions at the Tevatron and the LHC is urgently
needed. Here, the re-organization of the perturbation
series that is provided by the fragmentation-function ap-
proach (Sect. 4.1.5) may be an important tool.

Furthermore, the current theoretical predictions suffer
from uncertainties that are related to the long-distance
dynamics that is involved in quarkonium production. For
example, the prediction of the i or T polarization re-
lies on the approximate heavy-quark spin symmetry of
NRQCD. This approximate symmetry is based on the
application of the velocity-scaling rules of NRQCD to
evaluate the order of suppression of the spin-flip contri-
bution. In the case of inclusive quarkonium decays, cal-
culations of the NRQCD long-distance matrix elements
on the lattice [233] have constrained the size of the spin-
flip contribution. A similar constraint in case of inclusive
quarkonium production would obviously be very valu-
able.

More generally, lattice determinations of the NRQCD
long-distance production matrix elements would provide
very useful constraints on the theoretical predictions and
would also serve to check the phenomenological deter-
minations of the long-distance matrix elements. An
outstanding theoretical challenge is the development of
methods for carrying out such lattice calculations, which
are, at present, stymied by fundamental issues regarding
the correct lattice formulation of single-particle inclusive
rates in Euclidean space.

Further light could be shed on the NRQCD velocity ex-
pansion and its implications for low-energy dynamics by
comparing charmonium and bottomonium production.
The heavy-quark velocity v is much smaller in bottomo-
nium systems than in charmonium systems. Hence, the
velocity expansion is expected to converge more rapidly
for bottomonium systems than for charmonium systems.
In particular, spin-flip effects and color-octet contribu-
tions are expected to be smaller in bottomonium systems
than in charmonium systems. The NRQCD factorization
formula for inclusive quarkonium production, if it is cor-
rect, becomes more accurate as pr increases and proba-
bly holds only for values of py that are greater than the
heavy-quark mass. Therefore, the high-pr reach of the
LHC may be crucial in studying bottomonium produc-
tion.

There are many unresolved theoretical issues at present
that bear on the reliability of predictions for prompt J /1
and T production. These issues may affect predictions for
both the direct production of the J/¢ and the T and the
production of the higher-mass quarkonium states that
feed down into the J/¢ and the Y. Therefore, it would
be of considerable help in disentangling the theoretical
issues in J/1 and T production if experimental measure-
ments could separate direct production of the J/¢ and
the T from production via feeddown from higher-mass
charmonium and bottomonium states. Ideally, the di-
rect production cross sections and polarizations would



both be measured differentially in py. Measurement of
the direct J/1 cross section and polarization might be
particularly important at large pr, given the large pro-
portion of y.; feeddown events in the prompt J/v rate
at large pr that is predicted in Ref. [675].

Although it would be ideal to have measurements of
direct quarkonium production rates and polarizations, it
is, of course, very important to resolve the existing dis-
crepancy between the CDF and D@ measurements of the
prompt T polarization. The CDF measurement of the
T(15) polarization is for the rapidity range |y| < 0.6,
while the D@ measurement is for the rapidity range
ly| < 1.8. It would be very useful for the two experi-
ments to provide polarization measurements that cover
the same rapidity range.

It might also be useful to formulate new measurements
and observables that would provide information that is
complementary to that which is provided by the dif-
ferential rates and polarization observables. The large
rates for J/1 and T production that are expected at the
LHC open the door to new analyses. As we have men-
tioned in Sect. 4.2.4, the possibilities include studies of
quarkonium production at different values of /s, studies
of hadronic energy near and away from the quarkonium
direction, and studies of the production of heavy-flavor
mesons in association with a quarkonium. It is important
in all of these studies to identify observables that are ac-
cessible under realistic experimental conditions and that
can be calculated accurately enough to allow meaningful
comparisons with experimental measurements. In this
endeavor, communication between the experimental and
theoretical experts in these areas will be crucial.

4.3. ep collisions

Inelastic production of charmonia in ep collisions at
HERA proceeds via photon-gluon fusion: A photon emit-
ted from the incoming electron or positron interacts with
a gluon from the proton to produce a c¢ pair that evolves
into a color-neutral charmonium state by the radiation
of soft and/or hard gluons.

The elasticity observable z is defined as the fraction
of energy of the incoming photon, in the proton rest
frame, that is carried by the final-state charmonium.
The kinematic region of inelastic charmonium produc-
tion is 0.05 < z < 0.9. In the so-called “photoproduc-
tion regime,” at low photon virtuality @2, the incoming
electron is scattered through a small angle, and the in-
coming photon is quasi real. The invariant mass of the
~p system W,, depends on the energy of the incoming
photon. In photoproduction, photons can interact di-
rectly with the charm quark (direct processes), or via
their hadronic component (resolved processes). Resolved
processes are relevant at low elasticities (z < 0.3). HERA
has been a unique laboratory for the observation of pho-
toproduction in the photon-proton center-of-mass range
20 < W, < 320 GeV.
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In ep scattering at HERA, toward high values of elas-
ticity (z > 0.95), another production mechanism that
is distinctly different from boson-gluon fusion becomes
dominant. In this mechanism, which applies both to ex-
clusive and diffractive charmonium production, the in-
coming photon fluctuates into a c¢ QCD dipole state
which, subsequently interacts with the proton by the ex-
change of two or more gluons in a colorless state. This
colorless interaction transfers momentum that allows the
c¢ pair to form a bound quarkonium state. Experi-
ments distinguish between two categories of diffractive
processes. In elastic processes, the proton stays intact,
i.e., yp = J/¥p (2 = 1). In proton-dissociative pro-
cesses, the proton breaks up into a low-mass final state,
i.e., yp — J/¥Y. In proton-dissociative processes, my,
mass of the state Y, is less than about 2 GeV or z lies in
the 0.95 < z < 1. Many measurements of the diffractive
production of the p°, w, ¢, J/1, 1(2S) and T states have
been performed at HERA [747-758].14 These measure-
ments were crucial in reaching a new understanding of the
partonic structure of hard diffraction, the distributions of
partons in the proton, the validity of evolution equations
in the low-z limit, and the interplay between soft and
hard QCD scales. For a detailed report on diffractive
quarkonium production at HERA, we refer the reader to
Ref. [759]. Possible future opportunities involving mea-
surements of diffractive quarkonium production are dis-
cussed in Sect. 6.11.

The ZEUS and H1 collaborations have published sev-
eral measurements of inelastic J/¢ and ¢(2S5) production
that are based on data from HERA Run I [697, 760]. A
new measurement, making use of the full Run II data
sample, was published recently by the H1 collaboration
[696]. The ZEUS collaboration has published a new mea-
surement of the J/1 decay angular distributions in inelas-
tic photoproduction, making use of the collaboration’s
full data sample [761].

The data samples of J/¢ events that result from the
experimental selection cuts are dominated by inelastic
production processes in which the J/1’s do not originate
from the decay of a heavier resonance. Sub-dominant
diffractive backgrounds, as well as feeddown contribu-
tions from the 1(2S), the x.s, and b-flavored hadrons
are estimated to contribute between 15% and 25% of
the total J/v events, depending on the kinematic region.
These backgrounds are usually neglected in theoretical
predictions of direct J/v production rates.

The measurements of J/v cross sections and polar-
ization parameters reported by the ZEUS and H1 col-
laborations have been compared extensively to NRQCD
factorization predictions at LO in as. In these stud-
ies, a truncation of the NRQCD velocity expansion is
used, in which the independent long-distance matrix ele-

ments are <(9‘1]/1/) (351)>a <Oé]/w (358)>> <O£{/w (1SO)> and

14 Here, only the most recent measurements are cited.



(Oé]/w (3P0)>. In the CSM., all of these matrix elements,
except for the first one, are, in effect, set to zero. Usu-
ally the values of the long-distance color-octet matrix
elements are extracted from the Tevatron data, in which
case the comparisons of the resulting predictions for J/1)
production at HERA with the data offer the opportunity
to assess the universality of the long-distance matrix ele-
ments. The comparisons between the predictions at LO
in a, and the data are summarized in Ref. [1].

In calculations in the NRQCD factorization formalism,
large uncertainties arise from the sensitivity to the input
parameters: the mass of the charm quark, the factor-
ization and renormalization scales, and the values of the
color-octet matrix elements, which are obtained from fits
to the Tevatron data. One also expects sizable uncertain-
ties owing to the omission of corrections of higher-order
in both a, and v. As we shall see, because of these theo-
retical uncertainties, the relative sizes of the color-singlet
and color-octet contributions in charmonium photopro-
duction are still unclear.

In fixed-order, tree-level predictions of the color-octet
contribution to photoproduction, a large peak appears
in the z distribution near the kinematic endpoint z = 1.
This feature, which was first interpreted as a failure of
the universality of the long-distance matrix elements, has
since been attributed to the breakdown of the NRQCD
velocity expansion and the perturbation expansion in o
near z = 1. In this region, in order to obtain a reliable
theoretical prediction, one must resum large perturbative
corrections to all orders in «a; and large nonperturbative
corrections to all orders in v. It is known that the resum-
mation of the color-octet contribution leads to a signif-
icant broadening of the peak at large z [762]. However,
the effects of the nonperturbative resummation of the ve-
locity expansion cannot be determined precisely without
further information about the so-called “shape function.”
In principle, that information could be extracted from
data on charmonium production in eTe™ collisions.

J/v¢ photoproduction at HERA has also been stud-
ied in the kp-factorization scheme [640, 763]. In this
framework, it has been argued that the color-singlet con-
tribution alone can explain the HERA data. A predic-
tion for the color-singlet yield at LO in ay in the kp-
factorization approach reproduces the measured shapes
of the pr and z distributions reasonably well. However, it
should be kept in mind that these predictions rely on un-
integrated parton distributions, which are not well known
at present. This uncertainty might be reduced as more
accurate unintegrated parton distributions sets become
available [764].

The pioneering calculation of the correction of NLO
in g to the color-singlet contribution to the direct J/1
cross section was presented in Ref. [765]. The NLO cor-
rection affects not only the normalization of the photo-
production rate, but also the shape of the py distribution.
Both of these effects bring the color-singlet contribution
into better agreement with the data. The large impact of
the NLO correction at large transverse momentum can
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be understood in terms of the kinematic enhancement
of NLO color-singlet production processes relative to the
LO color-singlet production processes. This effect is sim-
ilar to the one that appears in hadroproduction in the
color-singlet channel. (See Sect. 4.2.1.)

The NLO calculation of Ref. [765] suggests that pro-
duction in the color-singlet channel might be the main
mechanism at work in J/1¢ photoproduction. However,
in more recent work [695, 766-769], which confirms the
calculation of Ref. [765], it has been emphasized that
the factorization and renormalization scales in Ref. [765]
have been set a value (m./+/2) that is generally consid-
ered to be too low in the region of large pr. As we shall
see, a more physical choice of scale, such as \/4m2 + p2.,
leads to predictions for cross sections differential in p2,
or in z that lie considerably below the H1 and ZEUS
measurements. Hence, the size of the NLO color-singlet
contribution does not exclude the possibility that other
contributions, such as those from the color-octet chan-
nel, are at least as large as the color-singlet contribution.
In the region of low transverse momentum, which is the
dominant region for J/¢ production at HERA, the sen-
sitivity to the factorization and renormalization scales is
very large and complicates the identification of the dom-
inant production mechanism at HERA.

4.8.1.  Phenomenology of the cross section, including NLO

corrections

In Fig. 61 we show a comparison between data from
the H1 collaboration [696] for the J/¢ photoproduc-
tion cross sections differential in p% and in z and cal-
culations in the NRQCD factorization formalism from
Refs. [695, 768, 769].15 The dashed line depicts the cen-
tral values of the complete NRQCD factorization pre-
diction (including color-singlet and color-octet contribu-
tions) at NLO in ag, and the band shows the uncertainty
in that prediction that arises from the uncertainties in the
color-octet long-distance NRQCD matrix elements. Note
that the contributions from resolved photoproduction,
which are important in the low-z region, and the contri-
butions from diffractive production, which are important
near z = 1, are not included in the NRQCD factoriza-
tion prediction. The uncertainties that are shown arise
from the uncertainties in the NRQCD color-octet long-
distance matrix elements. These matrix elements were
obtained through a fit to the Tevatron hadroproduction
data that used the NRQCD prediction at LO in «y, aug-
mented by an approximate calculation of some higher-
order corrections from multiple-gluon radiation [770].

The NRQCD factorization prediction at NLO accuracy
in a4 is in better agreement with the H1 data than the

15 A more detailed comparison of the H1 data with theory predic-
tions can be found in Ref. [696].
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FIG. 61: Cross sections differential in p? and in z for J/¢
photoproduction at HERA. The measurement by the H1 col-
laboration [696] is compared to the CSM and NRQCD predic-
tions at LO and NLO in a; from Refs. [695, 768]. “CS” and
“CO” denote the color-singlet and color-octet contributions,
respectively. The dashed line depicts the central values of the
complete NRQCD factorization prediction (including color-
singlet and color-octet contributions) at NLO in as, and the
band shows the uncertainty in that prediction that arises from
the uncertainties in the color-octet long-distance NRQCD ma-
trix elements. From Ref. [696]

color-singlet contribution alone. However, it should be
kept in mind that the mass and scale uncertainties of the
color-singlet contribution have not been displayed here.
As we have already mentioned, these uncertainties are
large, even at NLO in as.

The NRQCD factorization prediction for the cross sec-
tion differential in z shows a rise near z = 1 that is char-
acteristic of the color-octet contributions. As we have
mentioned, resummations of the series in a; and in v are
needed in order to obtain a reliable theoretical prediction
in this region. In the low-z region, the NRQCD factoriza-
tion prediction undershoots the data. In this region, the
corrections to resolved photoproduction through NLO in
as may be needed in order to bring the theory into agree-
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ment with the data.

4.8.2.  Polarization

In addition to the studies of J/+ differential cross sec-
tions that we have mentioned, there have also been recent
analyses of polarization in J/v¢ photoproduction. The
polarization observables may provide additional informa-
tion about the production mechanisms.

Experimentally, the J/v polarization is extracted from
the angular distribution of the leptons that originate in
J/1 decays. In the J/4 rest frame, the distribution takes
the general form

dU(J ) — 1+17)
0

o 1+ Acos® 6 + psin26 cos ¢

+g sin? 6§ cos 2¢, (159)
where 6 and ¢ are the polar and azimuthal angles of the
[T three-momentum with respect to a particular spin-
quantization frame. (See Sect. 4.2.3.) The ZEUS collab-
oration has published a new measurement of the param-
eters A and v in the target spin-quantization frame [771]
that is based on an integrated luminosity of 468 pb~!
[761]. The H1 collaboration has published new measure-
ments of the parameters A and v in both the helicity and
the Collins-Soper spin-quantization frames that are based
on an integrated luminosity of 165 pb=! [696]. The H1
collaboration uses a more restricted range in the energy
fraction z, namely, 0.3 < z < 0.9, in order to suppress
possible contributions from diffractive or feeddown pro-
cesses. In both experiments, the polarization parameters
in each bin are extracted by comparing the data with
Monte Carlo distributions for different values of the po-
larization parameters, using a 2 criterion to assess the
probability of each distribution.

We show comparisons of several theoretical predictions
with the ZEUS data in Fig. 62 and with the H1 data in
Fig. 63.

The curves in Fig. 62 that are labeled “LO CS+CO”
are the complete NRQCD factorization predictions (in-
cluding color-singlet and color-octet contributions) at LO
in a [771]. These agree reasonably well with the ZEUS
data in the target frame, except for the value of v in
the lowest-pr bin. However, at such a low value of pr,
the NRQCD factorization formula is not expected to be
valid.

The curves that are labeled “LO kp” and “CSM kr”
are predictions in the kp-factorization scheme [772]. The
set of unintegrated parton distribution functions that is
used is indicated in parentheses. The kp-factorization
predictions bracket the ZEUS data in the target frame for
both A and v and are in reasonable agreement with the
H1 data for A and v in the helicity frame, if one takes the
difference between the two kp-factorization predictions to
be a measure of the theoretical uncertainty.
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FIG. 62: Polarization parameters A and v in the target frame
as a function of pr for J/v¢ photoproduction at HERA. The
measurement by the ZEUS collaboration [761] of the polar-
ization parameters in the target frame is compared with the
color-singlet contribution at LO in a (labeled LO CS) [771]
and at NLO in «a; (labeled NLO CS) [766], with predictions
in the kr-factorization approach for two different sets of unin-
tegrated parton-distributions functions (labeled LO kr (JB)
and LO kr (dGRV)) [772], and with the complete NRQCD
factorization predictions (including color-singlet and color-
octet contributions) at LO in «s (labeled LO CS+CO) [771].
The theoretical uncertainty bands labeled NLO CS were ob-
tained by varying the factorization scale ;15 and the renormal-
ization scale p, in the range defined by 0.510 < s, pr < 2p0,
and 0.5 < pr/puy < 2, where po = 4me. The theoretical un-
certainty bands labeled LO CS+4CO were obtained by consid-
ering uncertainties in the values of the color-octet NRQCD
long-distance matrix elements. From [761] with kind permis-
sion, copyright (2009) Springer-Verlag

101

2540710-p014
5 2 T T T T T T T T T T T T T T T T p’
i e Data (yp) )
—— Baranov - CSM k. fact. (Set A0)
T Baranov - CSM coll. fact. (LO) )
1 Artoisenet et al. - CSM (NLO)

—
I | H1 i

_1 L | L L L | L L L | L L L
2 4 6 8 10
Pm [GeV]
> 2 — T T T T T T T T T
e Data (yp) )
—— Baranov - CSM k. fact. (Set A0)
[ s Baranov - CSM coll. fact. (LO)
1k Artoisenet et al. - CSM (NLO)

H1 |
[ S S

2 4 6 8 10
Pr, [GeV]

FIG. 63: Polarization parameters o = A and v in the helicity
frame as a function of pr for J/1 photoproduction at HERA.
The measurement by the H1 collaboration [696] of the po-
larization parameters in the helicity frame is compared with
the predictions in the kp-factorization approach (solid line)
[772] and with the predictions in color-singlet model (CSM)
at LO in as (dashed line) [772] and at NLO «s (filled band)
[766, 773]. The theoretical uncertainty bands were obtained
by varying the factorization scale py and the renormalization
scale p, in the range defined by 0.5u0 < pf, pr < 20, and
0.5 < pr/py < 2, where po = 4me. From Ref. [696]

The bands that are labeled “NLO CS” and “CSM
NLO” correspond to predictions in the color-singlet
model at NLO in a, (Ref. [766]). (Similar results for
the polarization at NLO in «; in the color-singlet model
were obtained in Ref. [767].) The uncertainties that are
shown in these bands arise from the sensitivity of the po-
larization to the factorization and renormalization scales
and are much larger than the uncertainties that arise
from the uncertainty in the value of m.. A comparison
of the LO and NLO predictions of the CSM shows the



large impact of the NLO correction on the polarization
parameters. At NLO, the parameter \ is predicted to
decrease with increasing pr, in both the target and the
helicity frames. (This trend is also observed in the LO
prediction of the kr factorization formalism, which effec-
tively accounts for some topologies that occur at higher
orders in «y in the collinear factorization scheme.) The
NLO color-singlet predictions for A are compatible with
the H1 data in the helicity frame, but differ significantly
from the ZEUS data in the target frame. In contrast,
the NLO color-singlet prediction for the parameter v is
in reasonable agreement with the ZEUS data in the tar-
get frame, as well as with the H1 data in the helicity
frame.

A more complete presentation of the comparison be-
tween theory and experiment for the polarization param-
eters \ and v, including the distributions of these param-
eters as functions of z, can be found in Refs. [696, 761].

4.3.3.  Future opportunities

In spite of the recent advances that we have described,
it is still unclear which mechanisms are at work in J/1
photoproduction at HERA. The new computations of
NLO corrections to the differential cross-sections and
the polarization parameters in the collinear-factorization
scheme show that there is room for a color-octet contri-
bution. Indeed, the NLO NRQCD factorization predic-
tion for the cross section fits the data reasonably, with
central values that are closer to the data points than are
the central values of the NLO color-singlet contribution.
Recent analyses of the color-singlet contribution in the
kr factorization scheme also show reasonable agreement
with the data.

In both k7 factorization and in collinear factorization,
theoretical uncertainties remain substantial. Improve-
ment of the situation for k7 factorization will require bet-
ter knowledge of the kp-dependent parton distributions.
In collinear factorization, the large sensitivity of the NLO
color-singlet rates to the renormalization scale signals
that QCD corrections beyond NLO might be relevant,
especially for the description of the polarization parame-
ters. Here, an analysis in the fragmentation-function ap-
proach (see Sect. 4.1.5) might help to bring the perturba-
tion series under better control. Theoretical uncertainties
in the NRQCD factorization prediction for the J/v po-
larization could be reduced by computing the color-octet
contributions to the polarization parameters at NLO ac-
curacy in as. The large uncertainties in the color-octet
long-distance matrix elements dominate the uncertain-
ties in the NRQCD factorization prediction for the cross
section. Since these matrix elements are obtained by fit-
ting NRQCD factorization predictions to the Tevatron
data, improvements in the theoretical uncertainties in the
Tevatron (or LHC) predictions are necessary in order to
reduce the uncertainties in the matrix elements. Finally,
theoretical uncertainties in the region near the kinematic

102

endpoint z = 1 might be reduced through a systematic
study of resummations of the perturbative and velocity
expansions in both ep and ete™ quarkonium production.

4.4. Fixed-target production

4.4.1.  Phenomenology of fixed-target production

The NRQCD factorization approach has also been
tested against the charmonium production data that
have been obtained from fixed-target experiments and
pp experiments at low energies. Owing to the limited
statistics, quarkonium observables measured in these ex-
periments have, in general, been restricted to total cross
sections for J/1 and ¢ (2S5) production. Also, in the case
of J/4 production, feeddown contributions have not been
subtracted.

In the most recent analysis of the fixed-target and low-
energy pp quarkonium production data [774], experimen-
tal results for the inclusive production rates of the J/1
and the 1(2S) have been examined, along with the ex-
perimental results for the ratios of these cross sections.
A total of 29 experimental results have been analyzed in
order to extract the color-octet contribution to the ob-
served rates. By comparing the values of the color-octet
matrix elements that are extracted from the fixed-target
data with the values that are extracted from the Teva-
tron data, one can test the universality of the NRQCD
matrix elements.

The analysis of Ref. [774] made use of the NRQCD
short-distance coefficients through order a2 for the P-
wave channels and for all of the color-octet channels that
are of leading order in v (Ref. [466]). The LO short-
distance coefficients for the color-singlet 3S; channel were
employed, as the computation of the QCD correction
to these short-distance coefficients in pp collisions had
not yet been completed at the time of the analysis of
Ref. [774].

In extracting the color-octet contribution from the pro-
duction rates that are measured in fixed-target exper-
iments, the authors of Ref. [774] treated the NRQCD
long-distance matrix elements as follows: Heavy-quark
spin symmetry was employed; the color-singlet matrix el-
ements were taken from the potential-model calculation
of Ref. [775]; the color-octet matrix element for P-wave
charmonium states was set equal to a value that was ex-
tracted in Ref. [776] from the CDF data [650]. Regarding
the color-octet matrix elements for the J/¢ and 9 (25),
it was assumed that (Of (1Sy)) = (Of (*P))/m? and
that the ratios of these matrix elements to (O (39)) are
given by the values that were extracted from the Teva-
tron data. The color-octet contributions to the direct
production of the J/¢ and the 1(2S) were multiplied by
rescaling parameters A/, and Ay, respectively, which
were varied in order to fit the fixed-target data. In addi-
tion to these two parameters, the factorization and renor-
malization scales were varied in the fit, while the mass of



the charm quark was held fixed at 1.5 GeV.

The x?2 of the fit favors a nonzero value for the color-
octet contribution to direct J/¢ and ¢ (2S5) production.
This can be seen in Fig. 64 for the case of the J/i¢: The
color-singlet contribution alone (dotted-dashed line) sys-
tematically undershoots the data, while the fitted com-
plete NRQCD contribution (solid line) is in good agree-
ment with the data. However, the fit also indicates that
the values of the color-octet matrix elements that are
needed to explain the fixed-target data are only about
10% of the values that were extracted from fits to the
Tevatron data. A similar result was obtained in the case
of the color-octet matrix elements for the ¥(2S). In both
cases, the stability of the fitting procedure was checked
by changing the selection of measurements used in the
fits and by changing the set of parton distribution func-
tions that was used in computing the cross sections. In
any of these scenarios, the values of the color-octet ma-
trix elements that were extracted from the fixed-target
data are smaller than the values that were extracted from
the Tevatron data.

The analysis of fixed-target data that we have de-
scribed could be updated by making use of the recent
results for the NLO corrections to the hadroproduction of
S-wave states [619, 674]. Furthermore, a more accurate
value for the J/1 color-singlet matrix element has been
derived recently in Ref. [777]. However, it is expected,
even with these improvements, that the qualitative con-
clusions of Ref. [774] would still hold.

It is interesting to consider this fixed-target result in
light of two recent developments: (1) the possible impact
of higher-order corrections to the color-singlet yield on
the phenomenology of J/v production at the Tevatron
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FIG. 64: Fit of the NRQCD factorization cross section for
the production of the J/1 as a function of the center-of-mass
energy /s to data from fixed-target experiments and pp ex-
periments at low energies. The curves are the result of the fit-
ting procedure that is described in the text. The color-singlet
component is shown as a dotted-dashed line. The theoreti-
cal uncertainty band was obtained by varying the factoriza-
tion scale pr and the renormalization scale pur in the ranges
po < pr < 4po and po < pur < 4po, where po = 2me. From
[774] with kind permission, copyright (2006) Elsevier
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(Sect. 4.2.2) and (2) the latest J/4¢ polarization mea-
surement by the CDF collaboration [658] (Sect. 4.2.3).
Both of these developments suggest that the values of
the color-octet NRQCD matrix elements may be smaller
than had previously been supposed. However, in assess-
ing the significance of the fixed-target result, it should be
remembered that the fixed-target data, integrated over
pr, are dominated by data from the lowest values of pr.
At low pr, one would not expect NRQCD factorization
to hold.

4.4.2.  Future opportunities

Fixed-target experiments provide another means by
which to test the various theories of inclusive quarkonium
production. In order to test definitively theoretical hy-
potheses, such as NRQCD factorization, that are based
on hard-scattering factorization, it is necessary to make
measurements at values of pp that are much greater than
the heavy-quark mass. If fixed-target experiments with
such a high reach in pr could be devised, then it would
be very useful to measure both the cross section and the
quarkonium polarization as functions of pr.

+

4.5. Exclusive production in e"e~ collisions

4.5.1.  Theory vs. experiment

As recently as three years ago, large discrepancies ex-
isted between experimental measurements and theoret-
ical predictions for the process ete™ — J/¢ + 7. at
the B-factory energy of /s = 10.58 GeV. In its ini-
tial measurement of this process, the Belle collaboration
obtained o(ete™ — J/¢p +n.) x B>y = 3375 +£9 fb
(Ref. [778]), where o(eTe™ — J/1) +1.) is the cross sec-
tion and B>4 is the branching fraction of the 7, into four
or more charged tracks. The first theoretical predictions
for o(ete™ — J/1 + n.) were based on calculations in
the NRQCD factorization approach [138]. These initial
calculations were carried out at LO in «ay and v. They
gave the following predictions for o(ete™ — J/v + n.):
5.5 fb (Ref. [779]), 3.78 + 1.26 fb (Ref. [780]), and 2.3 fb
(Ref. [781]).1¢ The differences between the calculations
of Refs. [779-781] arise from QED effects, which are in-
cluded only in Ref. [780]; from contributions from an in-
termediate Z boson, which are included only in Ref. [781];
and from different choices of m., the NRQCD long-
distance matrix elements, and «g. The sensitivities of
the calculations to the values of these parameters are im-
portant sources of theoretical uncertainties, which we will

16 Tn Ref. [780] a cross section of 2.3141.09 fb was reported initially.
Later, a sign error in the QED interference term was corrected
and the value cited above was obtained.



discuss later.

The Belle collaboration has, more recently, measured
the quantity o(ete™ — J/¢ +1n.) X Bso = 25.6 £2.8 +
3.4 fb (Ref. [782]), where Bss is the branching fraction
of the charmonium state that is recoiling against the
J/v (in this case the 7.) into more than two charged
tracks. This cross section times branching fraction has
also been measured by the BABAR collaboration, which
obtains o(ete™ = J/1+1n.) X B =17.6+2.8+2.1 fb
(Ref. [53]). These more recent experimental results re-
duced the discrepancy between theory and experiment,
but did not eliminate it. In assessing the size of the
discrepancy, it is important to recognize that the exper-
imental results are cross sections times branching frac-
tions. Hence, they are lower bounds on the cross sections,
which are the quantities that appear in the theoretical
predictions.

Table 43 contains a summary of experimental measure-
ments and NRQCD predictions for the process eTe™ —
J/v+ H, where H is 1., X0, or 7:(25). As can be seen
from Table 43, significant discrepancies exist between LO
NRQCD predictions and experiment, not only for exclu-
sive production of J/¢+1., but also for exclusive produc-
tion of J/¥ + xco and J/1 + 1.(2S). An important step
toward resolving the discrepancy between theory and ex-
periment for o(ete™ — J/1 +1n.) was the calculation in
Ref. [786] of the corrections of NLO in «,. These cor-
rections yield a K factor of about 1.96. This result has
been confirmed in Ref. [787]. While this K factor is sub-
stantial, it does not, by itself, eliminate the discrepancy
between theory and experiment.

In the NRQCD factorization formalism there are, in
addition to corrections of higher order in «j, corrections
of higher order in v, i.e., relativistic corrections. In
olete™ — J/9 + n.), relativistic corrections can arise
in two ways. First, they can appear directly as cor-
rections to the process ete™ — J/1 + 7. itself. Sec-
ond, they can arise indirectly through the NRQCD long-
distance matrix elements that appear in the expression
for o(ete™ — J/i + n.). For example, the matrix el-
ement of leading order in v that appears in J/¢ pro-
duction can be determined phenomenologically from the
experimental value for the width for J/¢ — eTe™ and
the theoretical expression for that width. There are rel-
ativistic corrections to the theoretical expression for the
width, which affect the value of the long-distance matrix
element that one obtains.

The first relativistic correction appears at relative or-
der v?, where v? ~ 0.3 for charmonium. It has been
known for some time that this correction is potentially
large: In Ref. [780], it was found that the order-v? correc-
tion is 1.95(v?) ;/y + 2.37(v?),, . Here, (v?)y is the ratio
of an order-v? NRQCD long-distance matrix element to
the LO matrix element in the quarkonium state H. The
authors of Ref. [780] estimated the matrix elements of
order v2 by making use of the Gremm-Kapustin relation
[788], which follows from the NRQCD equations of mo-
tion. On the basis of these estimates, they found that the
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K factor for the relativistic corrections is about 2.071%°.

The very large uncertainties in this K factor reflect the
large uncertainties in the Gremm-Kapustin-relation esti-
mates of the matrix elements of order v2.

In Ref. [789], significant progress was made in reduc-
ing the uncertainties in the order-v? NRQCD matrix el-
ements. The approach in this work was to make use of a
static-potential model to calculate the quarkonium wave
functions and, from those wave functions, to compute the
dimensionally regulated NRQCD matrix elements. If the
static potential is known accurately, for example, from
lattice calculations, then the corrections to the static po-
tential model are of relative order v? (Ref. [140, 179]).
Hence, one can regard the potential-model calculation as
a first-principles calculation with controlled uncertain-
ties.

Making use of the results of Ref. [789], the authors
of Ref. [783] computed the relativistic corrections to
o(ete™ — J/i + n.). Taking into account the cor-
rections of NLO in ag from Ref. [786], they obtained
olete™ = J/v+mn.) = 17.5 £ 5.7 fb, where the quoted
uncertainty reflects only the uncertainties in m,. and the
order-v? NRQCD long-distance matrix elements. This
result includes the effects of a resummation of a class of
relativistic corrections that arise from the quarkonium
wave function. One might worry that the large relativis-
tic corrections that appear in this calculation, which re-
sult in a K factor of about 2.6, are an indication that
the v expansion of NRQCD is out of control. However,
this large correction is the result of several corrections
of a more modest size: a direct correction of about 40%
and two indirect corrections (for the J/ and the 7.) of
about 37% each. Furthermore, higher-order terms in the
resummation of wave-function corrections change the di-
rect correction by only about 13%, suggesting that the v
expansion is indeed converging well.

The authors of Ref. [784] took a different approach
to calculating relativistic corrections, determining the
NRQCD long-distance matrix elements of LO in v and of
relative order v? by using T'(J/vy — ete™), T'(n. — v7),
and T'(J/¢ — light hadrons) as inputs. Their result,
o(ete™ — J/v+n.) = 20.04 fb, is in agreement with the
result of Ref. [783]. However, the values of the NRQCD
matrix elements that are given in Ref. [784] differ signif-
icantly from those that were used in Ref. [783]. This dif-
ference probably arises mainly because of the very large
relativistic corrections to I'(J/v¢ — light hadrons), which
may not be under good control.

The results of Refs. [783, 784] greatly reduced the dif-
ference between the experimental and theoretical central
values for o(ete™ — J/¢ + n.). However, in order to
assess the significance of these results, it is essential to
have a reliable estimate of the theoretical uncertainties.
Such an estimate was provided in Ref. [785]. In this work,
which was based on the method of Ref. [783], uncertain-
ties from various input parameters, such as m. and the
electromagnetic widths of the J/¢ and the 7., were taken
into account, as well as uncertainties from the truncations
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TABLE 43: Experimental measurements and NRQCD predictions for ete™ — J/9 + H, where H is 1c, Xc0, or 1c(25). Cross
sections are in units of fb. The quantity B2 is the branching fraction of the charmonium state that is recoiling against the

J/1 into more than two charged tracks

Quantity 1:(15) Xco(1P) 1:(2S5)

o X Bs2 (Belle [782]) 256 +2.8+34 64+£1.7+1.0 16.5£3.0+24
o x Bs2 (BABAR [53)) 17.6 + 2.8757 10.3 £ 25774 16.4+£3.7723
o (Liu, He, Chao [779)]) 5.5 6.9 3.7

o (Braaten, Lee [780]) 3.78 £1.26 2.40 £ 1.02 1.57 +0.52

o (Hagiwara, Kou, Qiao [781]) 2.3

o (Bodwin et al. [783]) 17.5£5.7

o (He, Fan, Chao [784]) 204

o (Bodwin, Lee, Yu [785]) 176751

of the a5 and v expansions. Correlations between uncer-
tainties in various components of the calculation were
also taken into account. In addition, various refinements
were included in the calculation, such as the use of the
vector-meson-dominance method to reduce uncertainties
in the QED contribution and the inclusion of the effects
of interference between relativistic corrections and cor-
rections of NLO in «a,. The conclusion of Ref. [785] is
that o(ete™ — J/1h+1.) = 17.675% fb. This result is in
agreement, within uncertainties, with the BABAR result,
even if one allows for the fact that the branching fraction
B2 could be as small as 0.5-0.6.

An alternative approach to theoretical calculations of
exclusive quarkonium production in e*e~ annihilation is
the light-cone method [645-649]. Generally, the light-
cone-method predictions for exclusive quarkonium pro-
duction cross sections are in agreement with the experi-
mental results. The light-cone approach to quarkonium
production can be derived from QCD.!'” In principle, the
light-cone approach is as valid as the NRQCD factoriza-
tion approach. In practice, it is, at present, necessary
to model the light-cone wave functions of the quarko-
nia, possibly making use of constraints from QCD sum
rules [790, 791]. Consequently, the existing light-cone
calculations are not first-principles calculations, and it is
not known how to estimate their uncertainties reliably.
The light-cone approach automatically includes relativis-
tic corrections that arise from the quarkonium wave func-
tion. As has been pointed out in Ref. [792], the light-cone
calculations contain contributions from regions in which
the quarkonia wave-function momenta are of order m,
or greater. In NRQCD, such contributions are contained
in corrections to the short-distance coefficients of higher
order in «. Therefore, in order to avoid double count-
ing, one should refrain from combining light-cone results

7 Light-cone factorization formulas are derived in Ref. [643] in the
course of proving NRQCD factorization formulas.

with NRQCD corrections of higher order in ay. Finally,
we note that, in Ref. [792], it was suggested that resum-
mations of logarithms of y/s/m. have not been carried
out correctly in some light-cone calculations.

4.5.2.  Future opportunities

Clearly, it would be desirable to reduce both the the-
oretical and experimental uncertainties in the rates for
the exclusive production of quarkonia in ete™ annihila-
tion and to extend theory and experiment to processes
involving additional quarkonium states.

On the experimental side, the central values of the
Belle and BABAR measurements of o(ete™ — J/v¢ +
7e) X Bso differ by about twice the uncertainty of either
measurement. Although those uncertainties are small in
comparison with the theoretical uncertainties, the rather
large difference in central values suggests that further ex-
perimental work would be useful. Furthermore, it would
be very useful, for comparisons with theory, to eliminate
the uncertainty in the cross section that arises from the
unmeasured branching fraction Bss.

On the theoretical side, the largest uncertainty in
o(ete™ — J/1 + n.) arises from the uncertainty in m..
One could take advantage of the recent reductions in the
uncertainty in m. [228, 248] to reduce the theoretical un-
certainty in o(ete™ — J/1 + 1) from this source. The
next largest source of theoretical uncertainty arises from
the omission of the correction to the J/1 electromagnetic
width at NNLO in a, (Ref. [793, 794]). Unfortunately,
the large scale dependence of this correction is a serious
impediment to progress on this issue. The uncalculated
correction to o(ete™ — J/1 + n.) of relative order a,v?
is potentially large, as is the uncalculated correction of
relative order a?. While the calculation of the former
correction may be feasible, the calculation of the latter
correction is probably beyond the current state of the
art. However, one might be able to identify large contri-
butions that could be resummed to all orders in as.



Finally, it would be desirable to extend the theoretical
calculations to include P-wave and higher S-wave states.
In the NRQCD approach, a serious obstacle to such cal-
culations is the fact that the relativistic corrections be-
come much larger for excited states, possibly spoiling the
convergence of the NRQCD velocity expansion.

+

4.6. Inclusive production in e"e™ collisions

4.6.1.  Ezperiments and LO theoretical expectations

In 2001, the prompt J/¢ inclusive production cross
section o(ete™ — J/1 + X) was measured to be oo =
2.52 £ 0.21 £+ 0.21 pb by the BABAR collaboration [795].
A smaller value, oo = 1.47 +0.10 = 0.13 pb was found
by the Belle collaboration [796]. The color-singlet con-
tribution to the prompt J/¢ inclusive production cross
section at LO in ay, including contributions from the
processes ete™ — J/¢ + c¢, eTe” — J/i + gg, and
ete™ = J/Y+4qq+ g9 (¢ =u, d, s), was estimated to
be only about 0.3-0.5 pb (Ref. [797-802]), which is much
smaller than the measured value. This would suggest
that the color-octet contribution might play an impor-
tant role in inclusive J/1 production [797-802]. How-
ever, it was found by the Belle collaboration [778] that
the associated production cross section

o(ete™ = J/v +ce) = (0.871075 £0.17) pb, (160)

is larger, by at least a factor of 5, than the LO NRQCD
factorization prediction, which includes both the color-
singlet contribution [798-803] and the color-octet contri-
bution [803]. The ratio of the J/¢ + c¢ cross section to
the J/v inclusive cross section was found by the Belle
collaboration [778] to be

og(ete™ — J/1 + cc)
olete™ = J/+ X)

R = =0.597015 £0.12, (161)

which is also much larger than LO NRQCD factoriza-
tion prediction. If one includes only the color-singlet
contribution at LO in ag, then the ratio is predicted to
be R.: = 0.1-0.3 (Ref. [797-802, 804]), depending on
the values of input parameters, such as ag, m., and,
especially, the color-singlet matrix elements. A large
color-octet contribution could enhance substantially the
J/ inclusive cross section (the denominator) but could
enhance only slightly the J/i + c¢ cross section (the
numerator)[803] and, therefore, would have the effect of
decreasing the prediction for R.z. Thus, the LO theo-
retical results and the experimental results in Egs. (160)
and (161) presented a serious challenge to the NRQCD
factorization picture.'®

18 The light-cone perturbative-QCD approach [805] gives a predic-
tion that Rc.ez = 0.1-0.3, while the CEM gives a prediction that
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Several theoretical studies were made with the aim of
resolving this puzzle in J/1 production. The authors of
Ref. [807] used soft-collinear effective theory (SCET) to
resum the color-octet contribution to the J/1 inclusive
cross section, the authors of Ref. [808] used SCET to an-
alyze the color-singlet contribution to ete™ — J/ + gg,
and the authors of Ref. [809] resummed the LO and NLO
logarithms in the color-singlet contribution to the J/1
inclusive cross section. These resummation calculations,
while potentially useful, did not resolve the puzzle.

Very recently, the Belle collaboration reported new
measurements [810]:

o(J/Y+X) = (1.174+0.02+0.07) pb, (162)
o(J/+ce) = (0.74+0.087359) pb,  (163)
J(J/w + Xuon CE) = (0.43 +0.09 £+ 0.09) pb. (164)

the value of the inclusive J/1) cross section in Eq. (162) is
significantly smaller than the values that were obtained
previously by the BABAR collaboration [795] and by the
Belle collaboration [796], but it is still much larger than
the LO NRQCD prediction. The cross section o(ete™ —
J/1 + c¢) in Eq. (163) is also much larger than the LO
color-singlet and color-octet predictions.

4.6.2. eTe” — J/¢ 4+ c¢ at NLO

An important step toward resolving the puzzle of the
J/v production cross section was taken in Ref. [811],
where it was found that the correction of NLO in ay
to ete™ — J/¢ + c€ gives a large enhancement. In
this work, a value for the square of the J/¢ wave func-
tion at the origin was obtained by comparing the ob-
served J /1 leptonic decay width (5.5540.14+0.02 keV)
with the theoretical expression for that width, includ-
ing corrections of NLO in «ag. (The square of the wave
function at the origin is proportional to the color-singlet
NRQCD long-distance matrix element of leading order
in v.) The value |Rg(0)]*> = 1.01 GeV® that was ob-
tained in this work is a factor of 1.25 larger than the
value |Rs(0)]> = 0.810 GeV?® that was obtained in
potential-model calculations and used in Ref. [803] to
calculate the ete™ — J/1 + ¢€ cross section. Taking
m. = 1.5 GeV, the renormalization scale up = 2m., and
A% = 0.338 GeV, the authors of Ref. [811] found the
direct production cross section at NLO in «a; to be

oNEO(ete™ = J/4p + ¢+ X) = 0.33 pb, (165)

which is a factor of 1.8 larger than the LO result (0.18
pb) that is obtained with the same set of input param-
eters. Results for the NLO cross section for other val-
ues of the input parameters can be found in Table 44.

Ree = 0.06 (Ref. [806]), both of which are far below the measured
value of Rz.



TABLE 44: Color-singlet contributions to cross sections for
J /4 production in eTe™ annihilation at the B-factory energy,
v/s = 10.58 GeV. The table shows cross sections for the pro-
duction of J/9 + c¢ (Ref. [811]) and J/¢ + gg (Ref. [812)]),
as well as the ratio R.z, which is computed from the expres-
sion in Eq. (161) by summing, in the denominator, over only
the J/v + c¢ and J/¢ + gg cross sections. The cross sec-
tions, in units of pb, are shown for different values of m. (1.4
and 1.5 GeV) and pgr (2m. and 1/s/2), along with the corre-
sponding value of as(uur). The prompt J/1+c¢ cross sections
include feeddown from the v(2S) and the x.; states, while
the prompt J/¥+ gg cross sections include feeddown from the
(2S5) state

pr (GeV) 2.8 3.0 5.3 5.3

as(ir) 0.267 0.259 0.211 0.211
me (GeV) 1.4 1.5 1.4 1.5

o (g9) 0.42 0.32 0.26 0.22
o9 (gg) 0.50 0.40 0.39 0.32
oneO i (99) 0.67 0.54 0.53 0.44
o9 (ce) 0.27 0.18 0.17 0.12
N9 (ce) 0.47 0.33 0.34 0.24
O et (¢€) 0.71 0.51 0.53 0.39
RLO 0.39 0.36 0.40 0.35
RNFO 0.51 0.49 0.50 0.47

From Table 44 and Fig. 65, it can be seen that the
renormalization-scale dependence of the NLO cross sec-
tion for eTe™ — J/1 + cc is quite strong. This strong
ur dependence is related to the large size of the NLO
contribution relative to the LO contribution. The cross
section is also sensitive to the value of the charm-quark
mass. It is larger for smaller values of m..

In Ref. [811] the QED contribution at order asa® and
the contribution from ete™ — 2vy* —  J/1 + c¢ were
found to increase the J/v + c¢¢ cross section by only
a small amount. The feeddown contributions ete™ —
(2S) +cc = J/Yp +ce+ X and ete” — xes + € —
J/1 + cc + X were also estimated in Ref. [811]. The pri-
mary feeddown contribution comes from the ¢ (2S5) and
produces an enhancement factor of 1.355 for the prompt
J/1pcé cross section.

Taking into account all of the aforementioned contri-
butions, we obtain the following estimate for the prompt
cross section:

oo w(eT +e” = J/Y+ce+ X) = 0.51 pb,

prompt

(166)

where the input values m, = 1.5 GeV and ur = 2m,
have been used. As is shown in Table 44, despite the un-
certainties in the input parameters, the NLO correction
to the color-singlet contribution to eTe™ — J/4+cc sub-
stantially increases the cross section and largely reduces
the discrepancy between experiment and theory. Fur-
thermore, the NLO relativistic correction to this process
is found to be negligible [784], in contrast with the NLO
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FIG. 65: Color-singlet contributions to the direct production
cross sections for ete™ — J/1 + c¢ as functions of the renor-
malization scale pr. The following values of the input param-
eters were taken: |Rs(0)|? = 1.01 GeV®, AL = 0.338 GeV,
/s =10.6 GeV. Results at NLO in «a, are represented by the
upper band, and results at LO in «; are represented by the
lower band. In each case, the upper border corresponds to the
input value m. = 1.4 GeV and the lower border corresponds
to the input value m. = 1.5 GeV. From [811] with kind per-
mission, copyright (2007) The American Physical Society

relativistic correction to the process et +e~ — J/¢ + 1.
(Sect. 4.5).

Recently, the authors of Ref. [813] confirmed the re-
sults of Ref. [811] and presented a more detailed analysis
of the J/¢ angular distributions and polarization param-
eters, using slightly different input parameters than those
in Ref. [811].

4.6.3. ete™ = J/y+gg at NLO

In NRQCD factorization, the production cross sec-
tion for the J/¢ in association with light hadrons,
olete™ = J/¢ + Xnon_cz), includes the color-singlet
contribution o(J/% + gg), and the color-octet contribu-
tions O'(J/lﬁ(?’P‘[]SL 1S([Jg]) + g). Contributions from other
Fock states are suppressed by powers of ag or v. The
corrections of NLO in a4 to o(J/¢ + gg) were calcu-
lated in Refs. [812, 814] and found to enhance the LO
cross section by about 20-30%. The prompt production
cross section o(ete™ — J/¢ + gg) at NLO in ag, in-
cluding the feeddown contribution from the (25), can
be found in Table 44. From Fig. 66, it can be seen
that the renormalization-scale dependence at NLO is
moderate and much improved in comparison with the
renormalization-scale dependence at LO. It can also be
seen that the NLO result is consistent with the lat-
est Belle measurement of o(ete™ — J/¥ + Xpon—cz)
(Ref. [810]), given the experimental uncertainties. Re-
summation of the leading logarithms near the kinematic
endpoint of the J/¢ momentum distribution is found to



change the endpoint momentum distribution, but to have
only a small effect on the total J/1 4+ gg cross section
[812].

Results for the color-singlet contributions to o(ete™ —
J/p + cc) (Ref. [811]), o(J/v¥ + gg) (Ref. [812]), and
the corresponding ratio R, are summarized in Ta-
ble 44. In Table 44, the color-octet contribution

(J/z/)(dP[S] L gl ]) + g) is ignored. It can be seen that
the NLO results 51gniﬁcantly reduce the discrepancies be-
tween theory and experiment.

In Fig. 67, the measured distributions in the J/¢ mo-
mentum p* are shown for the processes ete™ — J/1+cc
and ete” — J/Y + Xpon—cz (Ref. [810]). The cal-
culated J/1 momentum distributions for the process
ete™ — J/¢ + gg at NLO in oy (Refs. [812, 814]) are
roughly compatible with the ete™ — J/1¥ + Xnon—cz
data. We note that the NLO J/¢ momentum distri-
bution is much softer than the LO J/¢ momentum dis-
tribution (see Fig. 6 of Ref. [812]), resulting in better
agreement with data.

Finally, it was found in Ref. [816] that the relative-
order-v? relativistic correction can enhance the ete™ —
J/¥ + gg cross section by 20-30%, which is comparable
to the enhancement that arises from the corrections of
NLO in a; (Ref. [812, 814]). This relativistic correction
has been confirmed in Ref. [817]. If one includes both
the correction of NLO in a, and the relative-order-v?
relativistic correction, then the color-singlet contribution
to eTe™ — J/1¢ + gg saturates the latest observed cross
section for ete™ — J/tb + Xpon—ce in Eq.(164), even
if a significantly smaller color-singlet matrix element is
chosen. This leaves little room for the color-octet contri-
bution U(J/w(BPﬁs},l S([)B]) + ¢) and may imply that the
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FIG. 66: Prompt cross sections for the process ete™ —

J/¥ + gg. The curves are the predictions of Ref. [812], plot-
ted as functions of the renormalization scale pr at LO (dashed
curves) and NLO (solid curves) in a,. In each case, the upper
curves correspond to m. = 1.4 GeV, and the lower curves cor-
respond to m. = 1.5 GeV. The experimental datum (shaded
band) is for the process e*e™ — J/1¢ + Xpon—cz (Ref. [810]).
From [812] with kind permission, copyright (2009) The Amer-
ican Physical Society
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true values of the color-octet matrix elements are much
smaller than those that have been extracted in LO fits to
the Tevatron data or those that would be expected from
a naive application of the NRQCD velocity-scaling rules.

4.6.4. 8 19l 4

Color-octet process ete™

= J/YCP

The color-octet contribution to the cross section at LO
in ay is given at LO in v by U(J/¢(3P[8] 15y 4 g). This
contribution was calculated in Ref. [818], and an enhance-
ment near the kinematic endpoint, z = 1, was predicted.
Here, z = E.;/E%** is the energy of the c¢ pair divided
by the maximum possible energy of the ¢¢ pair. As can
be seen from Fig. 67, measurements of the J/1 momen-
tum distribution do not show any enhancement near the
kinematic endpoint. In Ref. [807], resummations of the
NRQCD velocity expansion near the endpoint and re-
summations of logarithms of 1—z were considered. These
resummations smear out the peak near z = 1 and shift
it to smaller values of z, making the theory more com-
patible with the data. However, the resummation results
rely heavily on a nonperturbative shape function that is
not well known, and so it is not clear if they can recon-
cile the theoretical and experimental results. The non-
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FIG. 67: J/v momentum distributions: (a) the Belle mea-
surements [810] for the inclusive distribution (open circles),
the distribution from ete™ — J/v¢ + H. + X (filled squares),
where H. is a charmed hadron, and the distribution from
double-charmonium production (filled circles); (b) the Belle
measurements [810] for the distribution for the sum of all
ete™ — J/4 + cC processes (open squares) and the distribu-
tion from the ete™ — J/¥ + Xnon—ce processes (filled trian-
gles). The curves are the results of using the Peterson func-
tion [815] to fit the inclusive distribution [solid curve in (a)],
the ete™ — J/1 + cc distribution [solid curve in (b)], and
the ete™ — J /¥ ~+ Xnon—cz distribution [dashed curve in (b)].
From [810] with kind permission, copyright (2009) The Amer-
ican Physical Society



observation of an enhancement near z = 1 might also
point to a possibility that we mentioned in Sect. 4.6.3,
namely, that the 3 P; and 1S; color-octet matrix elements
are much smaller than would be expected from the LO
fits to the Tevatron data or the NRQCD velocity-scaling
rules.

Very recently, the corrections at NLO in a4 to the
color-octet contribution to inclusive J/1 production have
been calculated [819]. In comparison with the LO re-
sult, the NLO contributions are found to enhance the
short-distance coefficients in the color-octet contributions
olete” — 06(1568)) +g) and o(efe” — cé(3P§8)) +9)
(with J = 0, 1, 2) by a factor of about 1.9. More-
over, the NLO corrections smear the peak at the end-
point in the J/¢ energy distribution, although the bulk
of the color-octet contribution still comes from the re-
gion of large J/1 energy. One can obtain an upper
bound on the sizes of the color-octet matrix elements
by setting the color-singlet contribution to be zero in
o(ete™ = J/¥ + Xnon—cz)- The result, at NLO in ag, is

(0]07/% (185¥)]0) + 4.0(0]07/* (> P§*)|0) /m?
< (2.040.6) x 1072 GeV>. (167)

This bound is smaller by about a factor of 2 than the
values that were extracted in LO fits to the Tevatron data
for the combination of matrix elements in Eq. (167).

4.6.5.  J/vY production in vy collisions

Photon-photon (y7) collisions can be can be studied at
eTe™ colliders by observing processes in which the incom-
ing et and e~ each emit a virtual v that is very close to
its mass shell. The inclusive cross section differential in
pr for the production of J/4 in v collisions at LEP has
been measured by the DELPHI collaboration [820, 821].

The cross section differential in pr has been calculated
in the CSM and the NRQCD factorization approach at
LO in a; (Refs. [822-826]). The computations include
three processes: the direct-y process vy — (c€) + g,
which is of order a?ay; the single-resolved-y process
iy — (c¢) + i, which is of order aa?; and the double-
resolved-y process ij — (c¢) + k, which is of order a3.
Here, ij = gg, 9q, gq, or qG, where ¢ is a light quark.
Because the leading contribution to the distribution of a
parton in a -y is of order «/ s, all of the processes that we
have mentioned contribute to the 4+ production rate in
order a?a,. The corrections of NLO in a to the direct-v
process have been computed in Ref. [827].

A comparison of the LO CSM and NRQCD factor-
ization predictions with the DELPHI data is shown in
Fig. 68. The data clearly favor the NRQCD factoriza-
tion prediction. However, it should be kept in mind that
there may be large NLO corrections to the color-singlet
contribution, as is the case in pp and ep charmonium
production. Therefore, no firm conclusions can be drawn
until a complete NLO calculation of the production cross
section is available.
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4.6.6.  Future opportunities

The central values for the prompt J/v inclusive pro-
duction cross section that were obtained by the BABAR
collaboration and the Belle collaboration differ more than
a factor of 2. It would certainly be desirable to clear up
this discrepancy. Furthermore, the BABAR collaboration
has not presented results for o(ete™ — J/4 + c¢) and
olete™ = J/Y + Xnon_cz)- It is very important that
the BABAR collaboration check the Belle results for these
cross sections, which play a central role in efforts to un-
derstand the mechanisms of inclusive quarkonium pro-
duction. Additionally, measurements of greater accuracy
of the charmonium angular distributions and polarization
parameters would be useful in understanding the mech-
anisms of quarkonium production. Measurements of in-
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FIG. 68: Comparison of the inclusive cross section differential
in pr for vy production of the J/v (Refs. [820, 821]) with the
predictions at LO in a, of the CSM and the NRQCD fac-
torization approach. The upper two curves are the NRQCD
factorization predictions, and the lower two curves are the
CSM predictions. The solid and dashed curves correspond to
the MRSTI8LO (Ref. [732]) and the CTEQSL (Ref. [733])
parton distributions, respectively. The arrows indicate the
NRQCD factorization predictions at pr = 0 for the 3P51],

1S([JB], 35'{8], and 3P}8] contributions. The theoretical uncer-
tainty bands were obtained by combining the uncertainties
from m. = 1.5£0.1 GeV, the decay branching fractions of the
1(2S) and the x.s states, the parton distributions, and the
NRQCD long-distance matrix elements with the uncertainties
that are obtained by varying the renormalization factoriza-
tion scales between 2mq and mr /2. Here mpr = /4m2 + p.
From [826] with kind permission, copyright (2002) The Amer-
ican Physical Society



clusive cross sections for the production of charmonium
states other than the J/¢ might also yield important
clues regarding the production mechanisms.

In the theoretical prediction for the color-singlet con-
tribution to o(ete™ — J/i+ce), large uncertainties arise
from the uncertainties in the renormalization scale ug
and m.. (The uncertainties in the theoretical prediction
for the color-singlet contribution to o(ete™ — J/¥+gg)
seem to be under rather good control.) The uncertainties
in the color-singlet contribution to o(ete™ — J/v + c¢)
might be reduced by understanding the origins of the
large corrections at NLO in «, and by taking advan-
tage of recent progress in determining m. (Ref. [227]).
It is important to examine further whether the observed
value of o(ete™ — J/1 + Xpon_cz) is actually saturated
by o(ete™ — J/v + gg), which would imply that the

color—octet(?’P‘[Jg]71 S([)S]) contributions are negligible. In
this regard, one might obtain additional information by
examining the J/v angular distribution and polarization
parameters, in addition to the total cross section and mo-
mentum distribution. Finally, we mention, as we did in
Sect. 4.3.3, that theoretical uncertainties in the region
near the kinematic endpoint z = 1 might be reduced
through a systematic study of resummations of the per-
turbative and velocity expansions in both ep and eTe™
quarkonium production.

Quarkonium production in v collisions provides yet
another opportunity to understand quarkonium produc-
tion mechanisms. In order to make a definitive compari-
son of the DELPHI data for the .J/1 cross section differ-
ential in pp with the NRQCD factorization prediction, it
is necessary to have a complete calculation of all of the
direct and resolved contributions at least through NLO
in ag. Further measurements of quarkonium production
in 7y collisions should be carried out at the next opportu-
nity at an ete™ or ep collider. It may also be possible to
measure quarkonium production in vy and yp collisions
at the LHC [828].

4.7. B. production

4.7.1.  Experimental progress

The first observation of the B. was reported by the
CDF collaboration in Ref. [73]. Subsequently, this unique
double-heavy-flavored meson has been observed by both
the CDF and D@ collaborations at the Tevatron via two
decay channels: B. — J/¢ + Iy, and B, — J/¢ + 7
(Refs. [57, 58, 75, 77, 173]). Using an event sample cor-
responding to an integrated luminosity of 360 pb~! at
Vs = 1.96 TeV, the CDF collaboration has measured
the B, lifetime in the decay B — J/veT v, (Ref. [75])
and obtained

7B, = 0.46370573 +0.036 ps. (168)

The B, lifetime has also been measured by the CDF col-
laboration in the decay B. — J/v + 1% + X (Ref. [829]).
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The result of this measurement, which is based on an
event sample corresponding to an integrated luminosity
of 1 fb~! at /s = 1.96 TeV, is
75, = 047510055 £0.018 ps. (169)
The CDF collaboration has measured the B, mass in
the decay BY — J/ynt (Refs. [57, 173]), obtaining in
its most recent measurement [57], which is based on an
integrated luminosity of 2.4 fb~! at \/s = 1.96 TeV, the
value

mp, = 6275.6 £ 2.9 £ 2.5 MeV . (170)
The D@ collaboration, making use of an event sam-
ple based on an integrated luminosity of 1.3 fb~! at
/s = 1.96 TeV, has also provided measurements of the
B, lifetime [58],

7p, = 0.448705%8 +0.032 ps, (171)
and the B, mass [77],
mp, = 6300 + 14 £ 5 MeV . (172)

The results obtained by the two collaborations are con-
sistent with each other. (See Sect. 2.2.4 of this article for
a further discussion of the B, mass and lifetime.)

Recently, the CDF collaboration has updated a previ-
ous measurement [830] of the ratio

_ a(BHB(Be = I/ + pt +v)

R, = o(BHB(B* — J/i + KT)

(173)

The new analysis [831], which used a data set that cor-
responds an integrated luminosity of 1 fb~!, yielded the
results

Rp. = 0.2950.040(stat) 75 053 (sys) £0.036(pr), (174)
for pr > 4 GeV, and
Rp, = 0.227+0.040(stat) T80 (sys) £ 0.014(pr), (175)

for pr > 6 GeV, where pr is the B, transverse momen-
tum. The measurements in Refs. [830, 831] provided the
first, indirect, experimental information on the produc-
tion cross section.

4.7.2.  Calculational schemes

Experimental studies of B, production could help to
further theoretical progress in understanding the produc-
tion mechanisms for heavy-quark bound states. On the
other hand, experimental observations of the B, are very
challenging and might benefit from theoretical predic-
tions of B, production rates, which could be of use in
devising efficient observational strategies, for example,
in selecting decay channels to study.



So far, two theoretical approaches have been used to
obtain predictions for B, hadroproduction. Both of them
are based on the NRQCD factorization approach.

The simplest approach conceptually is to calculate the
contributions from all of the hard subprocesses, through
a fixed order in «g, that produce a cé pair and a bb
pair. The ¢ quark (antiquark) is required to be nearly
co-moving with the b antiquark (quark) in order to pro-
duce a B.. We call this approach the “fixed-order ap-
proach.” A typical Feynman diagram that appears in
this approach is shown in Fig. 69. If the initial-state
partons are light (i.e., gluons, or u, d, or s quarks or
antiquarks), then the leading order for B, production in
the fixed-order approach is af. LO computations in this
approach can be found in Refs. [832-840].

An alternative approach is the fragmentation approx-
imation, in which the production process is factor-
ized into convolutions of fragmentation functions with
a simple perturbative-QCD hard-scattering sub-process
[841, 842]. An example of such a factorized contribution
is one in which pp — bb, with the final-state b or b frag-
menting to B, + ¢. This process is illustrated in Fig. 70.
The fragmentation approximation drastically simplifies
the calculation and also provides a formalism with which
to resum large final-state logarithms of pr/my. However,
it has been shown in Ref. [843] that the fragmentation di-
agrams are not dominant at the Tevatron unless the B, is
produced at very large (experimentally inaccessible) val-
ues of pp. A similar behavior has been found in Ref. [618]
in the case of charmonium or bottomonium production
at the Tevatron and the LHC in association with a heavy-
quark pair. Therefore, we can conclude that there is no
need to resum logarithms of pr/my at the values of pr
that are accessible at the current hadron colliders. That
is, a fixed-order calculation is sufficient, and the fragmen-
tation approach is not relevant.

Within either the fixed-order approach or the fragmen-
tation approach, various choices of factorization scheme
are possible. In the simplest scheme, which is known as
the fixed-flavor-number (FFN) scheme, the flavor content
of the proton is held fixed and includes only the light fla-
vors. Specifically, it is assumed that only the light quarks
are “active” flavors, which means that there are contribu-
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FIG. 69: Typical Feynman diagram for B. production via
gluon-gluon fusion in the fixed-order approach at order o
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tions involving light-quark (and antiquark) parton distri-
butions, but there are no contributions involving c¢- and
b-quark (and antiquark) parton distributions.

Alternatives to the FFN scheme have been proposed
with the aim of improving upon FFN calculations by re-
summing large initial-state collinear logarithms of Q/m.
and @ /my, where @ is a kinematic scale in the production
process (e.g., pr). Such logarithms arise, for example,
in a process in which an initial-state gluon splits into a
quark-antiquark pair. The quark or antiquark then par-
ticipates in a hard scattering, giving rise to a B.. (An ex-
ample of such a process is g — c¢, followed by gé — B.b.)
It has been suggested that one can resum these initial-
state collinear logarithms by making use of heavy-flavor
parton distributions. The basic idea is that one can ab-
sorb logarithms of Q/m. or @/m; into massless c-quark
(or antiquark) and b-quark (or antiquark) parton distri-
butions, in which they can be computed through DGLAP
evolution. In such methods, there are contributions in
which the B, is produced in a 2 — 2 scattering that
involves a ¢ or b initial-state parton. Because the contri-
butions involving massless ¢ and b parton distributions
are good approximations to the physical process only at
large @, the formalism must suppress these contribu-
tions when @) is of the order of the heavy-quark mass
or less. A factorization scheme in which the number of
active heavy quarks varies with @ in this way is called a
general-mass variable-flavor-number (GM-VEN) scheme.
Typical Feynman diagrams that enter into the calcula-
tion of B, production in a GM-VFN scheme are shown
in Fig. 71.

The GM-VFEN scheme was first applied to B, produc-
tion in Refs. [844, 845]. (Earlier calculations [846-849]
in the GM-VFN scheme did not address B, production.)
Comparisons [845] of results from both FFN and GM-
VFN schemes for B.(1Sy) and B.(35;) production at the
Tevatron are shown in Figs. 72 and 73, respectively. The
FFN and GM-VFN approaches yield different results at
small pr, possibly because, in the implementation of the
GM-VFN scheme in Ref. [845], the factorization scale
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FIG. 70: Typical Feynman diagram for B. production via
gluon-gluon fusion in the fragmentation approach at order
a?. DBBc is the fragmentation function for a b antiquark into
a Be
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FIG. 71: Typical Feynman diagrams for B. production via
gluon-gluon fusion in a GM-VFN scheme. The middle dia-
gram represents a subtraction that removes double-counting
of the contribution in the right-hand diagram in which the
lower initial-state gluon produces a heavy quark-antiquark
pair that is collinear to that gluon. From [844] with kind
permission, copyright (2006) The American Physical Society
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FIG. 72: Predictions for pr distributions of the B.(*So) in
production at the Tevatron [845]. Four pairs of curves are
shown, corresponding, from top to bottom, to the following
contributions: gg-fusion with the cut |y| < 1.3, gg-fusion with
the cut |y| < 0.6, gG-annihilation with the cut |y| < 1.3, and
gg-annihilation with the cut |y| < 0.6. Here, ¢ is a light
quark. In each pair of curves, the upper curve is the GM-
VFN prediction, and the lower curve is the FFN prediction

HF =
are contributions from initial ¢ and b quarks down to
pr = 0. Outside the small-pp region, the FFN and GM-
VFEN approaches give very similar results. This implies
that the resummations that are contained in the GM-
VFEN scheme have only a small effect and that there is
no compelling need to resum initial-state logarithms.

\/P% +m%_ was chosen, which implies that there

In conclusion, there is no evidence of a need to im-
prove the FFN order-a! computation of B. production
by resumming large final-state or initial-state logarithms.
On the other hand, a complete computation of the NLO
corrections in the FFN approach would be very welcome
in order to allow one to improve the dependence of the
predictions on the renormalization scale and reduce the

theoretical uncertainties.
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FIG. 73: Predictions for pr distributions of the B (381) in
production at the Tevatron [845]. Four pairs of curves are
shown, corresponding, from top to bottom, to the following
contributions: gg-fusion with the cut |y| < 1.3, gg-fusion with
the cut |y| < 0.6, gg-annihilation with the cut |y| < 1.3, and
gg-annihilation with the cut |y| < 0.6. Here, ¢ is a light
quark. In each pair of curves, the upper curve is the GM-
VFEN prediction, and the lower curve is the FFN prediction

4.7.8.  Phenomenology

The study of B, production and decays will be possi-
ble at the LHC as well as at the Tevatron. The LHCb
experiment, in particular, has been designed especially
for the study of b hadrons (e.g., B*, B, B°, B,, B,,
Ap). Thus, many new results for the B, meson are ex-
pected. New data will be useful in understanding the
production mechanism itself and also in determining the
decay branching ratios.

Because the excitations of the B. carry both b and ¢
flavor quantum numbers, they must decay into the B,
ground state with almost 100% probability, either di-
rectly or via strong and/or electromagnetic cascades. No
experimental distinction among direct or indirect pro-
duction is possible at the moment. It is therefore im-
portant that predictions for B, production include feed-
down from the excitations of the B, such as the B (391),
Bl =1, Bl =2, etc., and the radially excited states.
Predictions in LO perturbative QCD for the production
cross sections of the B} and the low-lying P-wave ex-
cited states By, ;_; are available in analytic and numer-
ical form in Refs. [850, 851] and in numerical form in
Ref. [743]. These predictions show that the contributions
of the color-octet channels, [(cb)g,* So] and [(cb)s,> S1], to
the production of low-lying P-wave excited states, such
as the BY; _,, are comparable to the contributions of
the leading color-singlet channels, provided that the val-
ues of the color-octet matrix elements are consistent with
NRQCD velocity scaling.

Simulations of the production of ¢b and € mesons



are now implemented in the programs BCVEGPY [852]
and MadOnia [743]. Both programs are interfaced to
PYTHIA [853].

In Figs. 74 and 75, we show typical distributions in
y and pr for the production of excited (cb) mesons at
the LHC and the Tevatron [851]. The contributions from
the various parton-level production channels are shown
separately.

4.7.4. Future opportunities

The observation and study of the B, mesons and
their excitations are new and exciting components of the
quarkonium-physics plans for both the Tevatron and the
LHC. Much has yet to be learned about the production
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FIG. 74: Distributions in pr and y for production of cb mesons
at the LHC. The dashed, solid, dash-dotted, and dotted lines
represent the color-singlet 1P1, 3P0, 3P1, and 3P, contribu-
tions, respectively. The lower and upper shaded bands repre-
sent the color-octet 1Sy and 2S; contributions, respectively.
From [851] with kind permission, copyright (2005) The Amer-
ican Physical Society
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and decay of these states.

A number of improvements in the theoretical predic-
tions for B, mesons are needed, such as computations of
the NLO corrections to the production cross sections. In
addition, new mechanisms for B, production at high pr
should be explored. These include production via Z° or
top-quark decays [854].
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FIG. 75: Distributions in pr and y for production of cb mesons
at the Tevatron. The dashed, solid, dash-dotted, and dotted
lines represent the color-singlet Py, 3Py, 2P;, and 3P, con-
tributions, respectively. The lower and upper shaded bands
represent the color-octet 'Sy and 2S; contributions, respec-
tively. From [851] with kind permission, copyright (2005) The
American Physical Society



5. IN MEDIUM"
5.1. Quarkonia as a probe of hot and dense matter

It is expected that strongly-interacting matter shows
qualitatively new behavior at temperatures and/or den-
sities which are comparable to or larger than the typi-
cal hadronic scale. It has been argued that under such
extreme conditions deconfinement of quarks and glu-
ons should set in and the thermodynamics of strongly-
interacting matter could then be understood in terms of
these elementary degrees of freedom. This new form of
matter is called quark-gluon plasma [855], or QGP. The
existence of such a transition has indeed been demon-
strated from first principles using Monte Carlo simula-
tions of lattice QCD. The properties of this new state of
matter have also been studied [856-859].

In addition to theoretical efforts, the deconfinement
transition and the properties of hot, strongly-interacting
matter are also studied experimentally in heavy-ion col-
lisions [860, 861]. A significant part of the extensive ex-
perimental heavy-ion program is dedicated to measuring
quarkonium yields since Matsui and Satz suggested that
quarkonium suppression could be a signature of decon-
finement [862]. In fact, the observation of anomalous
suppression was considered to be a key signature of de-
confinement at SPS energies [863].

However, not all of the observed quarkonium sup-
pression in nucleus-nucleus (AB) collisions relative to
scaled proton-proton (pp) collisions is due to quark-gluon
plasma formation. In fact, quarkonium suppression was
also observed in proton-nucleus (pA) collisions, so that
part of the nucleus-nucleus suppression is due to cold-
nuclear-matter effects. Therefore it is necessary to dis-
entangle hot- and cold-medium effects. We first discuss
cold-nuclear-matter effects at different center-of-mass en-
ergies. Then we discuss what is known about the prop-
erties of heavy QQ states in hot, deconfined media. Fi-
nally, we review recent experimental results on quarko-
nium production from pA collisions at the SPS and from
pp, d+Au, and AA collisions at RHIC.

5.2. Cold-nuclear-matter effects

The baseline for quarkonium production and suppres-
sion in heavy-ion collisions should be determined from
studies of cold-nuclear-matter (CNM) effects. The name
cold matter arises because these effects are observed in
hadron-nucleus interactions where no hot, dense mat-
ter effects are expected. There are several CNM effects.
Modifications of the parton distribution functions in the

19 Contributing authors: A. D. Frawley', P. Petreczky', R. Vogtf,
R. Arnaldi, N. Brambilla, P. Cortese, S. R. Klein, C. Lourengo,
A. Mocsy, E. Scomparin, and H. K. Wo6hri
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nucleus, relative to the nucleon, (i.e., shadowing) and
energy loss of the parton traversing the nucleus before
the hard scattering are both assumed to be initial-state
effects, intrinsic to the nuclear target. Another CNM ef-
fect is absorption (i.e., destruction) of the quarkonium
state as it passes through the nucleus. Since the latter
occurs after the QQ pair has been produced and while
it is traversing the nuclear medium, this absorption is
typically referred to as a final-state effect. In order to
disentangle the mechanisms affecting the produced QQ,
data from a variety of center-of-mass energies and dif-
ferent phase-space windows need to be studied. In addi-
tion, the inclusive J/v yield includes contributions from
Xc and ¥(25) decays to J/¢ at the 30-35% level [864].
While there is some information on the A dependence of
1 (25) production, that on x. is largely unknown [865].

Even though the contributions to CNM effects may
seem rather straightforward, there are a number of as-
sociated uncertainties. First, while nuclear modifications
of the quark densities are relatively well-measured in nu-
clear deep-inelastic scattering (nDIS), the modifications
of the gluon density are not directly measured. The nDIS
measurements probe only the quark and antiquark dis-
tributions directly. The scaling violations in nDIS can
be used to constrain the nuclear gluon density. Over-
all momentum conservation provides another constraint.
However, more direct probes of the gluon density are
needed. Current shadowing parametrizations are derived
from global fits to the nuclear parton densities and give
wide variations in the nuclear gluon density, from almost
no effect to very large shadowing at low-z, compensated
by strong antishadowing around x ~ 0.1. The range of
the possible shadowing effects is illustrated in Fig. 76 by
the new EPS09 [866] parametrization and its associated
uncertainties, employing the scale values used to fix the
J/1p and T cross sections below the open-heavy-flavor
threshold [867].

The color glass condensate (CGC) is expected to play
an important role in quarkonium production at RHIC
and the LHC since the saturation scale Qg a(z) is com-
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FIG. 76: The EPS09 gluon-shadowing parametrization [866]
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parable to the charm quark mass [868]. In this picture,
collinear factorization of J/v production is assumed to
break down and forward J/v¢ production is suppressed.
Indeed, CGC suppression of J/¢ formation may mask
some QGP effects [869].

The nuclear absorption survival probability depends
on the quarkonium absorption cross section. There are
more inherent uncertainties in absorption than in the
shadowing parametrization, which is obtained from data
on other processes and is independent of the final state.
Typically an absorption cross section is fit to the A de-
pendence of J/¢ and/or 1(2S) production at a given
energy. This is rather simplistic since it is unknown
whether the object traversing the nucleus is a precursor
color-octet state or a fully-formed color-singlet quarko-
nium state. If it is an octet state, it is assumed to imme-
diately interact with a large, finite cross section since it
is a colored object [870]. In this case, it has often been
assumed that all precursor quarkonium states will inter-
act with the same cross section. If it is produced as a
small color-singlet, the absorption cross section immedi-
ately after the production of the QQ pair should be small
and increasing with proper time until, at the formation
time, it reaches its final-state size [871]. High-momentum
color-singlet quarkonium states will experience negligible
nuclear absorption effects since they will be formed well
outside the target. See [865] for a discussion of the A
dependence of absorption for all the quarkonium states.

Fixed-target data taken in the range 400 < Ej,, <
800 GeV have shown that the J/¢ and ¥ (2S5) absorption
cross sections are not identical, as the basic color-octet
absorption mechanism would suggest [872-874]. The dif-
ference between the effective A dependence of J/¢ and
1(2S5) seems to decrease with beam energy. The J/v¢ ab-
sorption cross section at y ~ 0 is seen to decrease with
energy, regardless of the chosen shadowing parametriza-
tion [875], as shown in Fig. 77.

Recent analyses of J/v¢ production in fixed-target in-
teractions [875] show that the effective absorption cross
section depends on the energy of the initial beam and
the rapidity or zr of the observed J/¢. One possible
interpretation is that low-momentum color-singlet states
can hadronize in the target, resulting in larger effective
absorption cross sections at lower center-of-mass energies
and backward xzp (or center-of-mass rapidity). At higher
energies, the states traverse the target more rapidly so
that the zp values at which they can hadronize in the
target move back from midrapidity toward more nega-
tive zp. Finally, at sufficiently high energies, the quarko-
nium states pass through the target before hadronizing,
resulting in negligible absorption effects. Thus the ef-
fective absorption cross section decreases with increasing
center-of-mass energy because faster states are less likely
to hadronize inside the target.

At higher x, away from midrapidity, the effective ab-
sorption cross section becomes very large, as shown in
the top panel of Fig. 78. The increase in aa‘]ﬁ)
closer to midrapidity for lower incident energies.
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FIG. 77: The extracted energy dependence of O"a]é:l) at midra-
pidity. The solid line is a power law approximation to
o2y = 0, /5yy) using the EKS98 [876, 877] shadow-
ing parametrization with the CTEQ61L parton densities
[878, 879]. The band indicates the uncertainty in the extracted
cross sections. The dashed curve shows an exponential fit for
comparison. The data at yems ~ 0 from NA3 [880], NA50 at
400 GeV [872] and 450 GeV [873], E866 [874], HERA-B [881],
and PHENIX [663] are also shown. The wvertical dotted line
indicates the energy of the Pb+Pb and In+In collisions at
the CERN SPS. Adapted from [875] with kind permission,
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There appears to be some saturation of the effect since
the 800 GeV fixed-target data exhibit the same trend as
the most recent (preliminary) PHENIX data [884] as a
function of center-of-mass rapidity, yems, as seen in the
bottom panel of Fig. 78. Model calculations including
CGC effects can reproduce the general trend of the high-
xp behavior of J/1 production at 800 GeV without in-
voking energy loss [869]. However, the fact that the NA3
data at /s, = 19 GeV exhibit the same trend in zp as
E866 calls the CGC explanation into question.

As previously discussed, such an increase in the appar-
ent absorption cannot be due to interactions with nucle-
ons. In addition, since the large-xr dependence seems
to be independent of the quarkonium state (i.e., the
same for J/v¢ and (25) [874], and also for T(1S) and
T(25)+7(35)) [885], it likely cannot be attributed to the
size of the final state and should thus be an initial-state
effect, possibly energy loss. (See [886] for a discussion
of several types of energy-loss models and their effect on
J /¢ production.) Work is in progress to incorporate this
effect using a new approach, based on the number of soft
collisions the projectile parton undergoes before the hard
scattering to produce the QQ pair.

It is also well known that feeddown from P and higher-
S states through radiative and hadronic transitions, re-
spectively, accounts for almost half of the observed J/1
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fixed-target energies from 158 GeV [882], 200GeV [880],
400GeV [872],  450GeV [873],  800GeV[874],  and
920 GeV [881] obtained wusing the EKS98 shadowing

parametrization [876, 877]. The E866 [874] and HERA-
B [881] results were previously shown in [875]. Bottom: The
same results as above but as a function of center-of-mass
rapidity ycms. The absorption cross sections extracted from
the preliminary PHENIX [663] results at |ycms| > 0 and
the central rapidity result [883] are also included. The bozes
surrounding the data points represent the statistical and
total systematic uncertainties added in quadrature, except
for PHENIX where the global term (5% mb, common to all
rapidity bins) is missing

and Y(1S5) yields. The excited quarkonium states have
very different sizes and formation times and should thus
have different absorption cross sections. For example, the
absorption cross section of quarkonium state C' may be
proportional to its area, o oc rZ, [887].

It should be noted, however, that the fitted absorp-
tion cross sections used for extracting the “normal ab-
sorption” baseline for Pb+Pb collisions at the SPS have
treated J/v¢ and (2S) absorption independently, ig-
noring feeddown and formation times, and have not
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taken initial-state shadowing into account [872, 873].
As discussed above, more detailed analyses show that
the quarkonium absorption cross section decreases with
increasing energy [875, 888]. More recent fixed-target
analyses [882, 889], comparing measurements at 158
and 400 GeV, have begun to address these issues (see
Sect. 5.4). Indeed, the extracted absorption cross section
is found to be larger at 158 GeV than at 400 GeV, con-
trary to previous analyses, which assumed a universal,
constant absorption cross section [872, 873]. When these
latest results are extrapolated to nucleus-nucleus colli-
sions at the same energy, the anomalous suppression is
significantly decreased relative to the new baseline [882].

The cold-nuclear-matter effects suggested (initial-state
energy loss, shadowing, final-state breakup, etc.) depend
differently on the quarkonium kinematic variables and
the collision energy. It is clearly unsatisfactory to com-
bine all these mechanisms into an effective absorption
cross section, as employed in the Glauber formalism, that
only evaluates final-state absorption. Simply taking the
0abs Obtained from the analysis of the pA data and using
it to define the Pb+Pb baseline may not be sufficient.

A Dbetter understanding of absorption requires more
detailed knowledge of the production mechanism. Most
calculations of the A dependence use the color evapora-
tion model (CEM), in which all quarkonia are assumed
to be produced with the same underlying kinematic dis-
tributions [890]. This model works well for fixed-target
energies and for RHIC [867], as does the LO color-singlet
model (CSM) [676]. In the latter case, but contrary to
the CEM at LO, J/1 production is necessarily accompa-
nied by the emission of a perturbative final-state gluon
which can be seen as an extrinsic source of transverse mo-
mentum. This induces modifications in the relations be-
tween the initial-state gluon momentum fractions and the
momentum of the J/¢. In turn, this modifies [891] the
gluon-shadowing corrections relative to those expected
from the LO CEM where the transverse momentum of
the J/ is intrinsic to the initial-state gluons. Further
studies are being carried out, including the impact of
feeddown, the extraction of absorption cross sections for
each of the charmonium states, and the dependence on
the partonic J/1 production mechanism. A high preci-
sion measurement of the ¥(2S) and Y (3S5) production
ratios in pA interactions as a function of rapidity would
be desirable since they are not affected by feeddown con-
tributions. In addition, measurements of the feeddown
contributions to J/¢ and T(15) as a function of rapidity
and pr would be very useful.

On the other hand, the higher-py Tevatron predictions
have been calculated within the nonrelativistic QCD
(NRQCD) approach [138], which includes both singlet
and octet matrix elements. These high pr calculations
can be tuned to agree with the high pr data but can-
not reproduce the measured quarkonium polarization at
the same energy [1]. If some fraction of the final-state
quarkonium yields can be attributed to color-singlet pro-
duction, then absorption need not be solely due to either



singlet or octet states but rather some mixture of the
two, as dictated by NRQCD [865, 892, 893]. A measure-
ment of the A dependence of . production would be
particularly helpful to ensure significant progress toward
understanding the production mechanism.

5.3. Quarkonium in hot medium

5.8.1. Spectral properties at high temperature

There has been considerable interest in studying
quarkonia in hot media since publication of the famous
Matsui and Satz paper [862]. It has been argued that
color screening in a deconfined QCD medium will destroy
all QQ bound states at sufficiently high temperatures.
Although this idea was proposed long ago, first princi-
ple QCD calculations, which go beyond qualitative argu-
ments, have been performed only recently. Such calcula-
tions include lattice QCD determinations of quarkonium
correlators [894-898], potential model calculations of the
quarkonium spectral functions with potentials based on
lattice QCD [899-906], as well as effective field theory
approaches that justify potential models and reveal new
medium effects [907-910]. Furthermore, better model-
ing of quarkonium production in the medium created by
heavy-ion collisions has been achieved. These advance-
ments make it possible to disentangle the cold- and hot-
medium effects on the quarkonium states, crucial for the
interpretation of heavy-ion data.

5.8.2.  Color screening and deconfinement

At high temperatures, strongly-interacting matter un-
dergoes a deconfining phase transition to a quark-gluon
plasma. This transition is triggered by a rapid increase
of the energy and entropy densities as well as the dis-
appearance of hadronic states. (For a recent review, see
[858].) According to current lattice calculations [911-
920] at zero net-baryon density, deconfinement occurs at
T ~ 165 — 195 MeV. The QGP is characterized by color
screening: the range of interaction between heavy quarks
becomes inversely proportional to the temperature. Thus
at sufficiently high temperatures, it is impossible to pro-
duce a bound state between a heavy quark (c or b) and
its antiquark.

Color screening is studied on the lattice by calculating
the spatial correlation function of a static quark and an-
tiquark in a color-singlet state which propagates in Eu-
clidean time from 7 = 0 to 7 = 1/T, where T is the
temperature (see [921, 922] for reviews). Lattice calcula-
tions of this quantity with dynamical quarks have been
reported [923-928]. The logarithm of the singlet correla-
tion function, also called the singlet free energy, is shown
in Fig. 79. As expected, in the zero-temperature limit the
singlet free energy coincides with the zero-temperature
potential. Figure 79 also illustrates that, at sufficiently
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short distances, the singlet free energy is temperature
independent and equal to the zero-temperature poten-
tial. The range of interaction decreases with increasing
temperature. For temperatures above the transition tem-
perature, T, the heavy-quark interaction range becomes
comparable to the charmonium radius. Based on this
general observation, one would expect that the charmo-
nium states, as well as the excited bottomonium states,
do not remain bound at temperatures just above the de-
confinement transition, often referred to as dissociation
or melting.

5.8.8.  Quarkonium spectral functions and quarkonium

potential

In-medium quarkonium properties are encoded in the
corresponding spectral functions, as is quarkonium dis-
solution at high temperatures. Spectral functions are
defined as the imaginary part of the retarded correlation
function of quarkonium operators. Bound states appear
as peaks in the spectral functions. The peaks broaden
and eventually disappear with increasing temperature.
The disappearance of a peak signals the melting of the
given quarkonium state.

In lattice QCD, the meson correlation functions,
G(7,T), are calculated in Euclidean time. These cor-
relation functions are related to the spectral functions
o(w,T) by

cosh(w(rT —1/(21)))
sinh(w/(2T))

G(r,T) = /OOO dwo(w,T) (176)

Detailed information on G(7,T") would allow reconstruc-
tion of the spectral function from the lattice data. In
practice, however, this turns out to be a very difficult
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task because the time extent is limited to 1/7 (see the
discussion in [897] and references therein). Lattice ar-
tifacts in the spectral functions at high energies w are
also a problem when analyzing the correlation functions
calculated on the lattice [930].

The quarkonium spectral functions can be calculated
in potential models using the singlet free energy from
Fig. 79 or with different lattice-based potentials obtained
using the singlet free energy as an input [905, 906] (see
also [931] for a review). The results for quenched QCD
calculations are shown in Fig. 80 for S-wave charmo-
nium (top) and bottomonium (bottom) spectral func-
tions [905]. All charmonium states are dissolved in
the deconfined phase while the bottomonium 1S state
may persist up to T ~ 2T.. The temperature depen-
dence of the Euclidean correlators can be predicted using
Eq. (176). Somewhat surprisingly, the Euclidean corre-
lation functions in the pseudoscalar channel show very
little temperature dependence, irrespective of whether a
state remains bound (7)) or not (n.). Note also that
correlators from potential models are in accord with the
lattice calculations (see insets in Fig. 80). Initially, the
weak temperature dependence of the pseudoscalar cor-
relators was considered to be evidence for the survival
of 15 quarkonium states [896]. It is now clear that this
conclusion was premature. In other channels one sees sig-
nificant temperature dependence of the Euclidean corre-
lation functions, especially in the scalar and axial-vector
channels where it has been interpreted as evidence for
dissolution of the quarkonium 1P states. However, this
temperature dependence is due to the zero-mode con-
tribution, i.e., a peak in the finite temperature spectral
functions at w ~ 0 [932, 933]. After subtracting the zero-
mode contribution, the Euclidean correlation functions
show no temperature dependence within the uncertain-
ties [934]. Thus melting of the quarkonium states is not
visible in the Euclidean correlation functions.

There is a large enhancement in the threshold region of
the spectral functions relative to the free spectral func-
tion, as shown in Fig. 80. This threshold enhancement
compensates for the absence of bound states and leads
to Euclidean correlation functions with very weak tem-
perature dependencies [905]. It further indicates strong
residual correlations between the quark and antiquark,
even in the absence of bound states. Similar analyses
were done for the P-wave charmonium and bottomonium
spectral functions [905, 906]. An upper bound on the dis-
sociation temperature (the temperatures above which no
bound states peaks can be seen in the spectral function
and bound state formation is suppressed) can be obtained
from the analysis of the spectral functions. Conservative
upper limits on the dissociation temperatures for the dif-
ferent quarkonium states obtained from a full QCD cal-
culation [906] are given in Table 45.

The problems with the potential model approach de-
scribed above are how to relate it to first principles QCD
and how to define the in-medium quark-antiquark po-
tential. These problems can be addressed using an EFT
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TABLE 45: Upper bounds on the dissociation temperatures.
Adapted from [906] with kind permission, copyright (2007)
The American Physical Society

State xes(1P) T

1.3T¢ 2T

Xes(1P)  4(25)
Tdiss S TC S TC

J/e 1(29)
1.27T. 1.2T.

approach to heavy-quark bound states in a real time
formalism. The first steps in this direction were taken
in [907, 935]. The static potential (for infinitely heavy
QQ pairs) was calculated in the regime 7> 1/r > mp,

where mp is the Debye mass and r the QQ separation,
by analytically continuing the Euclidean Wilson loop to
real time. The calculation was done in weak-coupling re-
summed perturbation theory. The imaginary part of the
gluon self-energy gives an imaginary part to the static
potential and thus introduces a thermal width in the



QQ bound state. The heavy quarkonium contribution
to the spectral function of the electromagnetic current
was calculated in the same framework [908, 936]. Static
QQ pairs in a real-time formalism are considered in [937],
where the potential for distances 1/r ~ mp in a hot QED
plasma is derived. The real part of the static potential
was in agreement with the singlet free energy while the
damping factor (imaginary part of the potential) at large
distances agreed with the one found in [935]. This damp-
ing can be thought of as quarkonia scattering with light
partons in a thermal bath where the collisional width
increases with temperature. The real part of the static
potential was found to agree with the singlet free energy
and the damping factor with the one found in [935]. In
[938], a study of bound states in a hot QED plasma was
performed in a non-relativistic EFT framework. In par-
ticular, the hydrogen atom was studied for temperatures
ranging from T < ma? to T ~ m, where the imaginary
part of the potential becomes larger than the real part
and the hydrogen ceases to exist. The same study has
been extended to muonic hydrogen in [939].

The EFT framework quarkonium at finite tempera-
ture for different distance regimes was developed in [910]
using the real time formalism and weak coupling tech-
niques. In a zero-temperature medium, the behavior of
quarkonia is characterized by different energy and mo-
mentum scales related to non-relativistic bound states
with heavy quark velocity v and mass m. The scale re-
lated to the inverse distance between the @ and Q is
mu while mov? is the scale related to the binding energy
of the state. Finally, Aqcp is related to the nonper-
turbative features of the QCD vacuum. In the weak-
coupling regime, v ~ a5 and the hierarchy of scales fol-
lows m > mv > mv? > Aqep?®. In addition, there
are thermodynamical scales: the temperature T'; the in-
verse of the screening length of chromo-electric inter-
actions, the Debye mass (mp ~ ¢T); and the static
magnetic scale, ¢?T. In the weak-coupling regime at
finite temperature, the ordering of these scales follows
T > gT > ¢°T.

If there exists such a hierarchy of scales, any quantity
of interest maybe expanded in some ratio of the scales. If
the contributions from the different scales are separated
explicitly at the Lagrangian level, this amounts to replac-
ing QCD with a hierarchy of EFTs equivalent to QCD
order by order in the expansion parameters. As described
in 2.5, at T'= 0 the EFTs that follow from QCD by inte-
grating over the scales m and muv are called nonrelativis-
tic QCD (NRQCD) and potential NRQCD (pNRQCD)
respectively. This procedure for constructing EFTs can
be generalized to finite temperatures. The construction
of EFTs for heavy-quark bound states and their resulting

20 A hierarchy of bound state scales may exist beyond the weak-
coupling regime, e.g., mv ~ Aqcp, but has not yet been consid-
ered at finite temperature.
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forms depend on how the bound-state scales are related
to the thermal scales. If all the bound state scales are
larger than T, the relevant EFT is zero temperature pN-
RQCD. In this case, there are no corrections to the heavy
QQ potential even though there may be thermal correc-
tions to the quarkonium binding energies and widths. If
mv > T > mv? the relevant EFT can be constructed
similarly to the T' = 0 case but now the temperature
scale is integrated over. Now there are thermal correc-
tions to the potential which have both real and imaginary
parts [910, 940]. Finally, when T > muv the tempera-
ture scale must be integrated out after the scale m is
integrated over but before the scale mv. This procedure
leads to an EFT very similar to NRQCD but a modifica-
tion of the Lagrangian corresponding to gluon and light
quark fields is necessary. This part of the Lagrangian
is replaced by the hard thermal loop (HTL) Lagrangian
[941-944]. The resulting effective theory is referred to as
NRQCDyry, [910, 940]. Subsequent integration over the
scale mv leads to a new EFT called pNRQCDgry, simi-
lar to pPNRQCD. Now the heavy quark potential receives
both real and imaginary thermal corrections. Further-
more, for 7 ~ 1/mp, the real part of the potential is
exponentially screened and the imaginary part is much
larger than the real part [910, 940]. Below we summarize
what has been learned from the EFT approach to heavy
quark bound states at finite temperature.

The thermal part of the potential has both a real and
an imaginary part. The imaginary part of the poten-
tial smears out the bound state peaks of the quarkonium
spectral function, leading to their dissolution prior to the
onset of Debye screening in the real part of the potential
(see, e.g., the discussion in [909]). Therefore, quarko-
nium dissociation appears to be a consequence of the
thermal decay width rather than color screening of the
real part of the potential. This conclusion follows from
the observation that the thermal decay width becomes
comparable to the binding energy at temperatures below
that required for the onset of color screening.

Two mechanisms contribute to the thermal decay
width: the imaginary part of the gluon self-energy in-
duced by Landau damping, as also observed in QED, see
[935] and the quark-antiquark color singlet to color octet
thermal break-up (a new effect, specific to QCD) [910].
Parametrically, the first mechanism dominates at tem-
peratures where the Debye mass mp is larger than the
binding energy, while the latter effect dominates for tem-
peratures where mp is smaller than the binding energy.
The dissociation temperature is related to the coupling
by TTaissoc ~ mg3 [909, 938].

The derived color-singlet thermal potential, V', is nei-
ther the color-singlet QQ free energy nor its internal en-
ergy. Instead it has an imaginary part and may contain
divergences that eventually cancel in physical observables
[910].

Finally, there may be other finite-temperature effects
other than screening. These typically may take the form
of power-law corrections or have a logarithmic tempera-



ture dependence [910, 938].

The EFT framework thus provides a clear definition
of the potential and a coherent and systematic approach
for calculating quarkonium masses and widths at finite
temperature. In [945], heavy quarkonium energy levels
and decay widths in a quark-gluon plasma, below the
quarkonium dissociation temperature where the temper-
ature and screening mass satisfy the hierarchy mag >
7T > mas? > mp, have been calculated to order masg®,
relevant for bottomonium 15 states (Y(1S), n) at the
LHC. At leading order the quarkonium masses increase
quadratically with 7', the same functional increase with
energy as dileptons produced in electromagnetic decays
[945]. A thermal correction proportional to T? appears
in the quarkonium electromagnetic decay rates. The
leading-order decay width grows linearly with temper-
ature, implying that quarkonium dissociates by decaying
to the color-octet continuum.

This EFT approach was derived assuming weak cou-
pling and neglecting nonperturbative effects. In partic-
ular, the role of the color-octet degrees of freedom in
pNRQCD beyond perturbation theory needs to be bet-
ter understood (see e.g., [946]). Comparison of certain
static QQ correlators calculated in the EFT framework
with results from lattice QCD, partly discussed in sub-
section 5.3.2, could prove useful in this respect. The cor-
relation function of two Polyakov loops, which is gauge
invariant and corresponds to the free energy of a static
QQ pair could be particularly suitable for this purpose.
Therefore, in [947] the Polyakov loop and the correlator
of two Polyakov loops have been calculated to next-to-
next-to-leading order at finite temperature in the weak-
coupling regime and at QQ separations shorter than the
inverse of the temperature and for Debye masses larger
than the Coulomb potential. The relationship between
the Polyakov loop correlator and the singlet and octet
QQ correlator has been established in the EFT frame-
work. A related study of cyclic Wilson loops at finite
temperature in perturbation theory was reported in [948].
A further attempt to relate static QQ correlation func-
tions to the real-time potential was discussed in [949].
Very recently the first lattice NRQCD calculations of bot-
tomoniun at finite temperature have appeared [950]. The
initial discussion on the possibility of calculating quarko-
nium properties at finite temperature using NRQCD goes
back to the first meeting of the QWG at CERN in 2002.

In addition, the effects of medium anisotropies on the
quarkonium states have been considered, both on the
real [951] and imaginary [952-954] parts of the potential,
as well as on bound-state production. Polarization of the
P states has been predicted to arise from the medium
anisotropies, resulting in a significant (~ 30%) effect on
the xp states [955]. A weak medium anisotropy may also
be related to the shear viscosity [956]. Thus the polar-
ization can directly probe the properties of the medium
produced in heavy-ion collisions.
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5.8.4.  Dynamical production models

While it is necessary to understand the quarkonium
spectral functions in equilibrium QCD, this knowledge
is insufficient for predicting effects on quarkonium pro-
duction in heavy-ion collisions because, unlike the light
degrees of freedom, heavy quarks are not fully thermal-
ized in heavy-ion collisions. Therefore it is nontrivial to
relate the finite temperature quarkonium spectral func-
tions to quarkonium production rates in heavy-ion col-
lisions without further model assumptions. The bridge
between the two is provided by dynamical models of the
matter produced in heavy-ion collisions. Some of the
simple models currently available are based on statistical
recombination [957], statistical recombination and disso-
ciation rates [958], or sequential melting [959]. Here we
highlight a more recent model, which makes closer con-
tact with both QCD and experimental observations [960].

The bulk evolution of the matter produced in heavy-
ion collisions is well described by hydrodynamics (see
[961] for a recent review). The large heavy quark
mass makes it possible to model its interaction with
the medium by Langevin dynamics [962]. Such an
approach successfully describes the anisotropic flow of
charm quarks observed at RHIC [962, 963] (see also the
review [964] and references therein). Potential models
have shown that, in the absence of bound states, the QQ
pairs are correlated in space [905, 906]. This correlation
can be modeled classically using Langevin dynamics, in-
cluding a drag force and a random force between the @
(or Q) and the medium as well as the forces between
the Q and Q described by the potential. It was recently
shown that a model combining an ideal hydrodynamic
expansion of the medium with a description of the corre-
lated Q@ pair dynamics by the Langevin equation can de-
scribe charmonium suppression at RHIC quite well [960].
In particular, this model can explain why, despite the fact
that a deconfined medium is created at RHIC, there is
only a 40-50% suppression in the charmonium yield. The
attractive potential and the finite lifetime of the system
prevents the complete decorrelation of some of the QQ
pairs [960]. Once the matter has cooled sufficiently, these
residual correlations make it possible for the Q and Q to
form a bound state. Charmonium production by recom-
bination can also be calculated in this approach [965].
Although recombination was found to be significant for
the most central collisions, it is still subdominant [965].

The above approach, which neglects quantum effects,
is applicable only if there are no bound states, as is likely
to be the case for the J/¢. If heavy quark bound states
are present, as is probable for the T(1S), the thermal
dissociation rate will be most relevant for understanding
the quarkonium yield. Tt is expected that the interaction
of a color-singlet quarkonium state with the medium is
much smaller than that of heavy quarks. Thus, to first
approximation, medium effects will only lead to quarko-
nium dissociation.



5.3.5.  Summary of hot-medium effects

Potential model calculations based on lattice QCD, as
well as resummed perturbative QCD calculations, indi-
cate that all charmonium states and the excited bottomo-
nium states dissolve in the deconfined medium. This
leads to the reduction of the quarkonium yields in heavy-
ion collisions compared to the binary scaling of pp colli-
sions. Recombination and edge effects, however, guaran-
tee a nonzero yield.

One of the great opportunities of the LHC and RHIC-IT
heavy-ion programs is the ability to study bottomonium
yields. From a theoretical perspective, bottomonium is
an important and clean probe for at least two reasons.
First, the effective field theory approach, which provides
a link to first principles QCD, is more applicable for bot-
tomonium due to better separation of scales and higher
dissociation temperatures. Second, the heavier bottom
quark mass reduces the importance of statistical recom-
bination effects, making bottomonium a good probe of
dynamical models.

5.4. Recent results at SPS energies

Studies of charmonium production and suppression in
cold and hot nuclear matter have been carried out by the
NAGO collaboration [882, 966, 967]. In particular, data
have been taken for In+In collisions at 158 GeV /nucleon
and for pA collisions at 158 and 400 GeV. In the fol-
lowing, the primary NAG0 results and their impact on
the understanding of the anomalous J/1i suppression,
first observed by the NA50 collaboration in Pb+Pb col-
lisions [968], are summarized. A preliminary comparison
between the suppression patterns observed at the SPS
and RHIC is discussed in Sect. 5.6.

5.4.1.  J/¢ production in pA collisions

One of the main results of the SPS heavy-ion program
was the observation of anomalous J/1 suppression. Re-
sults obtained in Pb+Pb collisions at 158 GeV /nucleon
by the NA50 collaboration showed that the J/v yield was
suppressed with respect to estimates that include only
cold-nuclear-matter effects [968]. The magnitude of the
cold-nuclear-matter effects has typically been extracted
by extrapolating the J/ production data obtained in pA
collisions. Until recently the reference SPS pA data were
based on samples collected at 400/450 GeV by the NA50
collaboration, at higher energy than the nuclear collisions
and in a slightly different rapidity domain [872, 873, 969].

The need for reference pA data taken under the same
conditions as the AA data was a major motivation for the
NAG60 run with an SPS primary proton beam at 158 GeV
in 2004. Seven nuclear targets (Be, Al, Cu, In, W, Pb,
and U) were simultaneously exposed to the beam. The
sophisticated NAGO experimental setup [970], based on a
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high-resolution vertex spectrometer coupled to the muon
spectrometer inherited from NA50, made it possible to
unambiguously identify the target in which the J/¢ was
produced as well as measure muon pairs from its decay
with a ~ 70 MeV invariant mass resolution. During the
same period, a 400 GeV pA data sample was taken with
the same experimental setup.
Cold-nuclear-matter effects were evaluated comparing
the cross section ratio
ol

J/p
pBe

(177)

for each nucleus with mass number A, relative to the
lightest target (Be). The beam luminosity factors cancel
out in the ratio, apart from a small beam-attenuation
factor. However, since the sub-targets see the vertex
telescope from slightly different angles, the track re-
construction efficiencies do not completely cancel out.
Therefore an accurate evaluation of the time evolution
of such quantities was performed target-by-target, with
high granularity and on a run-by-run basis. The re-
sults [882, 967], shown in Fig. 81, are integrated over
pr and are given in the rapidity region covered by all
the sub-targets, 0.28 < yoms < 0.78 for the 158 GeV
sample and —0.17 < yoms < 0.33 for the 400 GeV sam-
ple. Systematic errors include uncertainties in the target
thickness, the rapidity distribution used in the accep-
tance calculation, and the reconstruction efficiency. Only
the fraction of systematic errors not common to all the
points is shown since it affects the evaluation of nuclear
effects.

Nuclear effects have usually been parametrized by fit-
ting the A dependence of the J/¢ production cross sec-
tion using the expression

AR U%wAa .

ol (178)

Alternatively, the effective absorption cross section,

,jﬁ , can be extracted from the data using the Glauber

model. Both a and a;{,ﬁ’ are effective quantities since
they represent the strength of the cold-nuclear-matter
effects that reduce the J/v¢ yield. However, they cannot
distinguish among the different effects, e.g., shadowing
and nuclear absorption, contributing to this reduction.
The results in Fig. 81 were used to extract

g

oV = 16£0.7 (stat.) 4 0.6 (syst.) mb;

abs

a = 0.882 4 0.009 + 0.008 (179)
at 158 GeV and
oY = 43408 (stat.) 0.6 (syst.) mb;
a = 0.927 +0.013 £ 0.009 (180)

at 400 GeV. Thus U:ﬁ) is larger at 158 GeV than at
400 GeV by three standard deviations. The 400 GeV re-
sult is, on the other hand, in excellent agreement with the
previous NA50 result obtained at the same energy [872].
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FIG. 81: The J/1 cross section ratios for pA collisions at
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the mean thickness of nuclear matter traversed by the J/v.
From [882] with kind permission, copyright (2009) Elsevier

The study of cold-nuclear-matter effects at fixed-target
energies is a subject which has attracted considerable in-
terest. In Fig. 82, a compilation of previous results for

JZQJ as a function of z [873, 874, 880, 881] is presented,
together with the new NAGO results [967]. Contrary to

Fig. 78, the values of U;t{:) in Fig. 82 do not include any

shadowing contribution, only absorption. There is a sys-
tematic increase in the nuclear effects going from low to
high xr as well as when from high to low incident proton
energies. As shown in Fig. 82, the new NAGO results at
400 GeV confirm the NA50 values obtained at a simi-

lar energy. On the other hand, the NA60 158 GeV data

suggest higher values of O;Ig;p and hint at increased ab-

sorption over the zp range. Note also that the older
NA3 J/1 results are in partial contradiction with these

. .. J o
observations, giving lower values of O'aég} , similar to those

obtained from the higher energy data samples. Such a
complex pattern of nuclear effects results from a deli-
cate interplay of various nuclear effects (final-state ab-
sorption, shadowing, initial-state energy loss, etc.) and
has so far not been satisfactorily explained by theoretical
models [886]. A first attempt to disentangle the contri-
bution of shadowing from cr:éj} (as extracted from the
NAGO results) has been carried out using the EKS98 [877]

parametrization of the nuclear PDFs. It was found that
J/b

a larger o,y " is needed to describe the measured data:

7% (158 GeV) = 9.3+ 0.7+ 0.7 mb;
o?/Y (400 GeV) = 6.0£0.9 £ 0.7 mb.

abs

(181)

122

2541010-m007

ity T
£,20[ v HERAB 920 GeV = T
=2 N
& [ W E866800GeV -

4 NAS50 450 GeV I J
15[~ .

| ® NA60 400 GeV I |

| O NA3200Gev T

B NAG60 158 GeV [ l
10~ | I

: BRI

] \ ! iJ

L i J 1

i [TTT 1 [ ] L
5+ I.T‘TlH ? J)l 1

r ﬂﬁﬂ%” igwl T

i e TJl T !

ol [
OT\\J»‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
-0.2 -0.1 0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8

Xe

FIG. 82: Compilation of O':t{;p as a function of zr with no
additional cold-matter effects included. From [967] with kind
permission, copyright (2009) Elsevier

The results thus depend on the parametrization of

the nuclear modifications of the PDFs. For example,
slightly higher (5-10%) values of o7/" are obtained if the

abs

EPSO08 [971] parametrization is used.

5.4.2. Anomalous J/v¢ suppression

The pA results at 158 GeV shown in the previous sec-
tion have been collected at the same energy and in the
same xp range as the SPS AA data. It is therefore natu-
ral to use these results to calculate the expected magni-
tude of cold-nuclear-matter effects on J/1 production in
nuclear collisions. In order to do so, the expected shape of
the J/v distribution as a function of the forward energy
in the zero degree calorimeter, dN;’/‘zect /dE7pc, has been
determined using the Glauber model. The J/1 yield is
assumed to scale with the number of NN collisions. The
effective J /1) absorption cross section in nuclear matter is
assumed to be the same as the value at 158 GeV deduced
in the previous section.

The measured J/v yield, dN;;,/dEzpc, is normal-

ized to ale;’/(;'fCt /dEzpc using the procedure detailed in

[966]. This procedure previously did not take shadow-
ing effects into account when extrapolating from pA to
AA interactions. In pA collisions, only the target par-
tons are affected by shadowing, while in AA collisions,
effects on both the projectile and target must be taken
into account. If shadowing is neglected in the pA to AA
extrapolation, a small bias is introduced, resulting in an
artificial ~ 5% suppression of the J/¢ yield with the



EKS98 parametrization [889]. Therefore, if shadowing
is properly accounted for in the pA to AA extrapolation,
the amount of the anomalous J/v suppression is reduced.
Figure 83 presents the new results for the anomalous J/1
suppression in In+In and Pb+PDb collisions [882, 967] as a
function of Npar, the number of participant nucleons. Up
to Npars ~ 200 the J/9 yield is, within errors, compati-
ble with the extrapolation of cold-nuclear-matter effects.
When Np,pe > 200, there is an anomalous suppression of
up to ~ 20 — 30% in the most central Pb+Pb collisions.

This new, smaller anomalous suppression is primarily due

to the larger U;{t{;& extracted from the evaluation of cold-

nuclear-matter effects.

5.5. Recent hadroproduction results from RHIC

The strategy of the RHIC J/1 program has been to
measure production cross sections in /s, = 200 GeV
collisions for pp, d+Au, Au+Au and Cu+Cu collisions.
RHIC has also studied J/v production in Cu+Cu colli-
sions at /s, = 62 GeV and will also study .J/+ pro-
duction in pp collisions at /s = 500 GeV. The pp colli-
sions are studied both to learn about the J/v production
mechanism and to provide baseline production cross sec-
tions needed for understanding the d+Au and AA data.

'y
w
L

ary
[\V]
P

-
-
|

(o]

[

Measured / Expected J/v yield
=] (=]
[} © [y
cl e b
Pl
o+
o
»—
—p—t
——
——
>

e
X

o
i

T T T T T T T
0 50 100 150 200 250 300 350 400 450
Npart

FIG. 83: Anomalous J/v suppression in In+In (circles) and
Pb-+Pb collisions (triangles) as a function of Npart. The bozes
around the In+In points represent correlated systematic er-
rors. The filled box on the right corresponds to the uncer-
tainty in the absolute normalization of the In+In points. A
12% global error, due to the uncertainty on ail{;’b at 158 GeV
is not shown. From [967] with kind permission, copyright
(2009) Elsevier
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Similarly, the d+Au measurements are inherently inter-
esting because they study the physical processes that
modify J/v¢ production cross sections in nuclear targets
and also provide the crucial cold-nuclear-matter base-
line for understanding J/1) production in AA collisions.
Note that d4+Au collisions are studied at RHIC instead
of p+Au collisions for convenience — p+Au collisions are
possible at RHIC, but would require a dedicated p+Au
run.
The last few years of the RHIC program have pro-
duced J/v data from PHENIX for pp, d+Au and Au+Au
collisions with sufficient statistical precision to establish
the centrality dependence of both hot and cold-nuclear-
matter effects at /s, = 200 GeV. The data cover the
rapidity range |y| < 2.4.

We introduce some quantities that have been applied
to d+Au and AA collisions at RHIC to describe the im-
pact parameter, b (also called centrality) , dependence of
the quarkonium results. While most of the data taken
are at large impact parameter (peripheral collisions),
the small impact parameter (central) collisions are more
likely to produce a quark-gluon plasma. Therefore it is
important to study quantities over a range of centralities,
using impact-parameter dependent variables such as the
number of participant nucleons, Npart, and the number
of collisions, N¢o. The number of participants depends
on b as

Nyt (b) = / s
[TA(S) (1 — exp {—Uinel(SNN)TB (16— 51)] ) n

T (5 — &1) (1 - exp [—am(sm)TA(s)])} as2)

Here oy,1 is the inelastic nucleon-nucleon cross section,
42 mb at RHIC, and Ta,gp(s) = [dzpa/p(s,z), the
line integral of the nuclear density, p, in the beam di-
rection, is the nuclear profile function. Large values
of Npart are obtained for small impact parameters with
Npart(b = 0) = 2A for spherical nuclei. Small values of
Npart occur in very peripheral collisions. The number of
collisions, Neon(Syyn;0) = Tinel(Syn )Tan(b), depends on
the nuclear overlap integral,

Tap(b) = /d2sdzdz’ pa(s,2) (=8, 2) . (183)

In pA collisions, we assume that the proton has a neg-
ligible size, pa(s,z) = 0(s)d(z) so that Tap(b) collapses
to the nuclear profile function. The deuteron cannot be
treated as a point particle since it is large and diffuse.
Thus the Hulthen wave function [972, 973] is used to cal-
culate the deuteron density distribution. No shadowing
effects are included on the deuteron.

The nuclear suppression factor, R4pg, for dA, and AA
collisions is defined as the ratio

dUAB/dy

Npart; b) = Zm—7=———
Rap(Npaut; ) Tap(b) doy,/dy

(184)



where doap/dy and do,,/dy are the quarkonium rapid-
ity distributions in AB and pp collisions and T4 is the
nuclear overlap function, defined in Eq. (183). In AA col-
lisions, R4 4 is sometimes shown relative to the extracted
cold-nuclear-matter baseline, R%XM. PHENIX has also
shown both d+Au and AA data as a function of R¢p, the
ratio of AB cross sections in central relative to peripheral

collisions,

_ Tap(bp) doap(bc)/dy
Tag(bc) doap(bp)/dy ’

where bo and bp correspond to the central and pe-
ripheral values of the impact parameter since system-
atic uncertainties cancel in the ratio. Another quantity
of interest is wg, the second harmonic of the azimuthal
Fourier decomposition of the momentum distribution,
dN/dpr x 1+ 2v9co8(2(¢ — ¢,)) where ¢ is the par-
ticle emission angle and ¢, is the reaction plane angle,
known as the elliptic flow. It gives some indication of the
particle response to the thermalization of the medium.
A finite J/v vy would give some indication of whether
the J/v distribution becomes thermal. The strength of
vy depends on the proportion of J/1 produced by coa-
lescence.

In the next few years the increased RHIC luminosity
and the commissioning of upgraded detectors and trig-
gers for PHENIX and STAR will enable a next genera-
tion of RHIC measurements, extending the program to
the YT family, excited charmonium states, and J/¢ vq
and high-pt suppression measurements. There have al-
ready been low-precision, essentially proof-of-principle,
measurements of most of those signals. Very importantly,
upgraded silicon vertex detectors for both PHENIX and
STAR are expected to produce qualitatively better open
charm measurements that will provide important inputs
to models of J/1 production in heavy-ion collisions.

In addition to the results discussed here, there have
been PHENIX results on J/% photoproduction in pe-
ripheral Au+Au collisions [974] and a proof-of-principle
measurement of the J/i¢ vy in Au+Au collisions by
PHENIX [975] with insufficient precision for physics con-
clusions.

Rep(y)

(185)

5.5.1.  Charmonium from pp collisions

PHENIX [662] has reported measurements of the inclu-
sive J/4 polarization in 200 GeV pp collisions at midra-
pidity. Results for the polarization parameter A, defined
in the Helicity frame, are shown in Fig. 84 and compared
to COM [699] and s-channel-cut CSM [682] predictions.
The latter has been shown to describe the rapidity and pr
dependence of the PHENIX 200 GeV pp J/v¢ data [976]
using a two-parameter fit to CDF data at /s = 1.8 TeV.

At Quark Matter 2009, PHENIX [663] showed prelim-
inary measurements of the pr dependence of the 1(25)
cross section at 200 GeV. This is the first measurement
of the pr-dependence of an excited charmonium state at
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RHIC. PHENIX measured the feeddown contribution of
the 1(2S) to the J/¢ to be (8.6 + 2.3)%, in good agree-
ment with the world average.

STAR [664] has published measurements of the J/1
cross section in 200 GeV pp collisions for 5 < pr <
13 GeV /c. This greatly extends the p range over which
J/v data are available at RHIC. Although PHENIX can
trigger at all pr, it has so far been limited to pr below
about 9 GeV/c [663] because of its much smaller accep-
tance.

5.5.2.  Charmonium from Cu+Cu collisions

Measured quarkonium production rates from heavy-
ion collisions are commonly presented in terms of a nu-
clear modification factor, Ra4, defined in Eq. (184).
PHENIX [977] results on the rapidity and pr depen-
dence of Ry values for J/¢ from 200 GeV Cu+Cu col-
lisions were published some time ago. However, those
results were limited to pr < 5 GeV/¢, and do not ad-
dress the high-pr behavior of the measurements very
well. STAR [664] has now published Cu+Cu R44 data
for J/¢ at 5.5 and 7 GeV/c that yield an average
(Raa) = 1.4 + 0.4(stat) = 0.2(sys) above 5 GeV/c for
the 0-20% most central collisions. The R4 4 data for the
0-60% most central collisions have very similar values, in
contrast to the PHENIX data below 5 GeV/c that yield
(Raa) =~ 0.52 for central Cu+Cu collisions.
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FIG. 84: The polarization extracted from 200 GeV PHENIX
pp data at midrapidity as a function of pr. The data are com-
pared with the s-channel-cut CSM [682] and a COM [699] pre-
diction. Adapted from [662] with kind permission, copyright
(2010) The American Physical Society



PHENIX [975] has also released preliminary data on
the Raa for J/+ from minimum bias (0-94% central-
ity) Cu+Cu data at 7 and 9 GeV/c. The minimum bias
PHENIX data should be comparable to the STAR 0-60%
data, but the PHENIX results are more consistent with
a nearly pp-independent R4 4. However, both measure-
ments have large statistical uncertainties and a direct
comparison [978] of the STAR and PHENIX Cu+Cu R4
data at high pt suggests that more data will be required
to definitively determine the high-pt behavior of R4 in
central collisions.

5.5.3.  Bottomonium production

PHENIX [979] showed a preliminary result for the
T(1S) + T(2S5) + Y(3S) cross section at forward and
backward rapidity (1.2 < |y| < 2.4) at Quark Matter
2006. More recently, PHENIX [663] showed a prelimi-
nary result at Quark Matter 2009 for Y(15) + Y(2S5) +
T(3S) production in 200 GeV pp collisions at midra-
pidity (Jy] < 0.35). The measured cross section is
Bdo /dy = 114ing pb at y = 0, where the presence of the
B reflects that the results have not been separated by in-
dividual T (nS) resonance nor corrected for the dilepton
branching fractions B(T(nS) — ete™).

STAR [980] published a measurement of the T(15) +
Y(25) + T(3S) — ete™ cross section at |y| < 0.5 for
200 GeV pp collisions. The measured value is Bdo/dy =
114438 (stat) "3 (syst) pb at y = 0. STAR [981] also has
a preliminary result for the Y(15) + T(25) + Y(35) —
ete™ cross section at midrapidity in d+Au collisions at
200 GeV/c. The cross section was found to be Bdo /dy =
35+4 (stat) £5 (syst) nb. The midrapidity value of Rgqay
was found to be 0.98+0.32 (stat) +0.28 (syst), consistent
with binary scaling.

PHENIX has made a preliminary measurement of the
dielectron yield in the T(15)+7Y(25)+7T(3S) mass range
at midrapidity in Au+Au collisions [975]. In combination
with the PHENIX Y(15) + Y(25) 4+ Y(3S) pp result at
midrapity, a 90% CL upper limit on Rgqay of 0.64 was
found for the T(15) + YT(2S5) + Y(3S5) mass region. The
significance of this result is not yet very clear since the
measurement is for all three T states combined.

5.5.4.  J/v production from d+Au collisions

As discussed previously, modification of the J/¢ pro-
duction cross section due to the presence of a nuclear tar-
get is expected to be caused by shadowing, breakup of the
precursor J/v state by collisions with nucleons, initial-
state energy loss, and other possible effects. Parametriz-
ing these effects by employing a Glauber model with a
fitted effective J/t-absorption cross section, a;]g;b , Te-
sults in an effective cross section with strong rapidity and
/Sy~ dependencies [875] that are not well understood.
A large increase in the effective absorption cross section is
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observed by E866/NuSea [874] at forward rapidity. This
increase cannot be explained by shadowing models alone,
suggesting that there are important physics effects omit-
ted from the Glauber absorption-plus-shadowing model.

The extraction of hot-matter effects in the Au+Au J/v
data at RHIC has been seriously hampered by the poor
understanding of J/¢ production in nuclear targets, in-
cluding the underlying J/v¢ production mechanism. Thus
the cold-nuclear-matter baseline has to be obtained ex-
perimentally.

The PHENIX J/¢ data obtained in the 2003 RHIC
d+Au run did not have sufficient statistical precision
either for studies of cold-nuclear-matter effects or for
setting a cold-nuclear-matter baseline for the Au+Au
data [883]. This low-statistics measurement has been
augmented by the large J/4 data set obtained in the 2008
d+Au run. PHENIX [663] has released d+Au R¢p data
for J/v production in nine rapidity bins over |y| < 2.4.
Systematic uncertainties associated with the beam lumi-
nosity, detector acceptance, trigger efficiency, and track-
ing efficiency cancel in Rop, defined in Eq. (185). There
is a remaining systematic uncertainty due to the central-
ity dependence of the tracking and particle identification
efficiencies.

The use of a Glauber model also gives rise to significant
systematic uncertainties in the centrality dependence of
Rep. The model is used to calculate the average number
of nucleon-nucleon collisions as a means of estimating the
relative normalization between different centrality bins.
The systematic uncertainty due to this effect is indepen-
dent of rapidity.

The PHENIX d+Au Rcp data have been indepen-
dently fitted at each of the nine rapidities [884] employing
a model including shadowing and J/1 absorption. The
model calculations [888] use the EKS98 and nDSg shad-
owing parametrizations with 0 < o,1s < 15 mb. The best
fit absorption cross section was determined at each ra-
pidity, along with the +10 uncertainties associated with
both rapidity-dependent and rapidity-independent sys-
tematic effects. The results are shown in Fig. 85. The
most notable feature is the stronger effective absorption
cross section at forward rapidity, similar to the behavior
observed at lower energies [874]. In fact, it is striking that
the extracted cross sections at forward rapidity are very
similar for PHENIX (/5 = 200 GeV) and E866 [875]
(V/Syn = 38.8 GeV) (see the lower panel of Fig. 78),
despite the large difference in center-of-mass energies.

Note the large global systematic uncertainty in ops
extracted from the PHENIX Rcp data, dominated by
the uncertainty in the Glauber estimate of the average
number of collisions at each centrality. Although it does
not affect the shape of the rapidity dependence of a:g;b ,
it results in considerable uncertainty in the magnitude of
the effective absorption cross section.

Tt has been suggested [891] that the large increase in
effective absorption cross section at forward rapidity ob-
tained from a CEM calculation [884] may be moderated
significantly if the 2 — 2 kinematics of the leading-order
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FIG. 85: The effective absorption cross section as a function of
rapidity extracted from PHENIX d+Au Rcp data using the
EKS98 and nDSg shadowing parametrizations. The wvertical
bars show uncorrelated point-to-point uncertainties, the bozes
show correlated uncertainties, and the global uncertainties are
given in the legend

CSM is used. This difference emphasizes the importance
of understanding the underlying production mechanism.

PHENIX has very recently released [982] final Rgay
and Rop data from the 2008 d+Au RHIC run. The final
Rep data are in good agreement with the preliminary
data, discussed earlier, as well as in the next section. A
comparison [982] of the Rqa, data, which has not been
shown before, with the Rop data shows that a simul-
taneous description of the two observables will require
a stronger than linear dependence of the J/v¢ suppres-
sion on the nuclear thickness function at forward rapidity.
The dependence of the suppression on nuclear thickness
is at least quadratic, and is likely higher. The result has
important implications for the understanding of forward-
rapidity d+Au physics. Since the calculations of the cold
matter contributions to R4 4 assumed that shadowing de-
pends linearly on the nuclear thickness, the calculations
of Ra4 shown in the next section should be be revisited.

5.5.5.  J/v production from Au+Au collisions

PHENIX [983] has published the centrality dependence
of Raa for Au+Au collisions using Au+Au data from
the 2004 RHIC run and pp data from the 2005 run. The
data are shown in Fig. 86. The suppression is consid-
erably stronger at forward rapidity than at midrapidity.
The significance of this difference with respect to hot-
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FIG. 86: The PHENIX Au+Au Ra4 as a function of central-
ity for |y| < 0.35 and 1.2 < |y| < 2.2

matter effects will not be clear, however, until the sup-
pression due to cold-nuclear-matter effects is more accu-
rately known.

To estimate the cold-nuclear-matter contribution to
the Aut+Au J/vv Raa the d+Au J/ov Rep data
were extracted using the EKS98 and nDSg shadowing
parametrizations, as described earlier, except that, in
this case, the Uit{j values in d+Au collisions were fit-
ted independently in three rapidity intervals: —2.2 <
y < —1.2, ly| < 0.35, and 1.2 < y < 2.2. In effect, this
tunes the calculations to reproduce the d+Au R¢p inde-
pendently in each of the three rapidity windows in which
the Au+Au R4 4 data were measured. The cold-nuclear-
matter Ra4 for Au+Au collisions was then estimated in
a Glauber calculation using the fitted absorption cross
sections and the centrality-dependent R,a, values cal-
culated using EKS98 and nDSg shadowing parametriza-
tions [984]. Each nucleon-nucleon collision contributes
differently to the R4 4 in each rapidity window. To more
directly simulate nucleon-nucleus interactions, the anal-
ysis assumes that R4 4 can be treated as a convolution of
p+Au and Au+p collisions in the three rapidity windows.
The impact-parameter dependence of Ry, is determined
separately to infer the R44 centrality dependence for a
rapidity-dependent absorption cross section. Thus the
value of Rpa, at the impact parameter of nucleon 1 in
the projectile is convoluted with the value of Ray, at
the impact parameter of nucleon 2 in the target. Effec-
tively, this means that to obtain Ra4 for 1.2 < |y| < 2.2,
Rpay for the forward-moving nucleon (1.2 < y < 2.2)
is multiplied by R,a. for the backward-moving nucleon
(—2.2 <y < —1.2). When |y| < 0.35, the Rpa, calcu-



lations at midrapidity are used. The number of partici-
pants, obtained from a Glauber calculation, is used to bin
the collisions in centrality with a cut on peripheral events
to mimic the effect of the PHENIX trigger efficiency at
large impact parameter. The uncertainty in the calcu-
lated CNM R4 4 was estimated by repeating the calcu-
lation with O'ajé;ﬁ varied away from best-fit values. This
variation ranged over the rapidity-dependent systematic
uncertainty determined when fitting the d+Au Rop.
The global systematic uncertainty in ojt{;b was ne-
glected in the calculation of the CNM R44. This was
done because the same Glauber model was used to obtain

both the number of nucleon-nucleon collisions, Non, in

d+Au and Au+Au interactions and the fitted a:ﬁ val-
ues. Therefore, if, for example, Ny is underestimated
for the d+Au R¢p, the fitted absorption cross section
will be overestimated. However, this would be compen-
sated in the calculated CNM R 44 by the underestimated
Neon value. Any possible differences in the details of the
d+Au and Au+Au Glauber calculations would result in
an imprecise cancellation of the uncertainties. This effect
has not yet been studied.

Note that there is a significant difference between the
impact-parameter dependence of the Rya, and Rgay cal-
culations [884], primarily for peripheral collisions, due to
the smearing caused by the finite size of the deuteron.
Since Ryay and Rpay are calculated using the same ba-
sic model, this smearing does not present a problem in
the present analysis. However, if the measured Rqa, was
used directly in a Glauber model, as was done with the
RHIC 2003 data [883], a correction would be necessary.

The resulting Glauber calculations of the cold-nuclear-
matter R 44 using the EKS98 shadowing parametrization
are shown in Fig. 87. The values obtained with nDSg are
almost identical, as they should be since both methods
parametrize the same data.

We emphasize that the kinematic-dependent differ-
ences in the effective absorption cross sections noted in
the previous section do not affect the cold-nuclear-matter
R a4 derived from the data. As long as the method of
fitting the d+Au data is consistent with the estimate of
the cold nuclear matter R4 4, the result should be model
independent.

The J/v suppression beyond CNM effects in Au+Au
collisions can be estimated by dividing the measured R 44
by the estimates of the CNM R4 4. The result for EKS98
is shown in Fig. 88. The result for nDSg is nearly iden-
tical.

Assuming that the final PHENIX Rga, confirms the
strong suppression at forward rapidity seen in Rgp, it
would suggest that the stronger suppression seen at for-
ward/backward rapidity in the PHENIX Au+Au Raa
data is primarily due to cold-nuclear-matter effects. The
suppression due to hot-matter effects seems to be compa-
rable at midrapidity and at forward/backward rapidity.

Finally, it is possible to use the effective absorption
cross sections obtained from the d+Au J/¢ Rcp data
in a similar Glauber calculation of R,cy to estimate the
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FIG. 87: The estimated Au+Au cold-nuclear-matter Ra4 as
a function of centrality for |y| < 0.35 and 1.2 < |y| < 2.2.

The vertical bar represents the rapidity-dependent systematic
J/P

uncertainty in the fitted o,/

cold-nuclear-matter R 44 for Cu+Cu collisions. However,
the resulting CNM R g4 for Cu+Cu is significantly dif-
ferent for EKS98 and nDSg [884], most likely due to the
different A dependences of EKS98 and nDSg. Measure-
ments of J/v¢ production in p+Cu or d+Cu collisions
would be needed to reduce the model dependence of the
estimated CNM R4 4 for Cu+Cu collisions.

5.6. Anomalous suppression: SPS vs RHIC

The preliminary PHENIX d+Au results at /s =
200 GeV are, for the first time, based on a high-statistics
sample [884]. Comparing these results with the previ-
ous Au+Au data gives an estimate of the magnitude of
the anomalous J/1 suppression at RHIC. The newly-
available NA60 pA results at 158 GeV, described in
Sect. 5.4, allow significant comparisons of the central-
ity dependence of the anomalous suppression at the SPS
and that obtained at RHIC. Work is in progress to
make such a comparison as a function of several vari-
ables of interest, such as the charged particle multiplic-
ity, dNc,/dn, and the Bjorken energy density reached
in the collision. The anomalous suppression patterns in
In+In and Pb+Pb collisions at the SPS and the midra-
pidity Au+Au results at RHIC are presented as a func-
tion of dNg,/dn in Fig. 89 [985]. Note that the mag-
nitude of the anomalous J/v¢ suppression is practically
system- and y/s-independent when expressed as a func-
tion of dNep /dn|,=o.
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FIG. 88: The estimated Au+Au suppression relative to the
cold-nuclear-matter Raa as a function of centrality for |y| <
0.35 and 1.2 < |y| < 2.2. The systematic uncertainty of the
baseline cold-nuclear-matter R4 is depicted by the wide box
around each point. The narrow boz is the systematic uncer-
tainty in the Au+Au Raa

5.7. Photoproduction in nuclear collisions

In addition to in-medium hadroproduction, photopro-
duction of quarkonium may also occur in nucleus-nucleus
collisions. In this case, one nucleus acts as a pho-
ton source (the photon flux is given by the Weizsacker-
Williams formalism). The photons fluctuate to virtual
quark-antiquark pairs which interact with the opposite
(target) nucleus [986, 987] and emerge as heavy quarko-
nia (e.g., J/¢ and T) or other, light, vector mesons. Such
J/1¢ photoproduction has been observed in Au+Au col-
lisions with PHENIX [974] and in Pp collisions at the
Tevatron [701]. CDF [701] has also observed (2S5) pho-
toproduction.

At the LHC, photoproduction can be studied at far
higher energies than available at fixed-target facilities or
at HERA. At the maximum pp energy of the LHC, vp col-
lisions with center-of-mass energies up to /s, = 8.4 TeV
are accessible, forty times the energy reached at HERA.
With Pb beams at maximum energy, the per-nucleon
center-of-mass energy can reach /55y = 950 GeV [988],
equivalent to a 480 TeV photon beam on a fixed target.

Photoproduction is of interest because it is sensitive to
the gluon distribution in the target nucleus. The cross
section for yp — Vp scales as [989] [z g(x, Q?)]?, where
z is the gluon momentum fraction, @* = m3, /4 is the
photon virtuality, and my is the vector meson mass. For
low pr vector mesons, the gluon momentum fraction, z,
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FIG. 89: Comparison of the anomalous suppression at the
SPS and RHIC as a function of dNch/dn at n =0

may be related to the final state rapidity, y, by
(186)

where ~ is the Lorentz boost of the nuclear beam and
my, is the proton mass. The higher energies available at
the LHC allow studies at much lower z than previously
available, possibly down to 1075 [988, 990].

Photoproduction cross sections

The cross section for vector meson production may
be calculated by integrating over photon momentum k
(equivalent to integrating over rapidity y):

N.
o(AA = AAV) =2 / ak N (A vay,  (187)

dk

where dN, /dk is the photon flux, determined from the
Weizsacker-Williams method, and o(yA — V' A) is the
photoproduction cross section. This cross section may be
extrapolated from HERA data. A Glauber calculation is
used to determine the cross sections for nuclear targets.
Two Glauber calculations of J/1 and T photoproduction
are available [704, 712, 713, 991, 992]; a third uses a
color-glass condensate/saturation approach to describe
the nuclear target [706].

The Glauber calculations successfully predict the ra-
pidity distribution and cross section for p° photoproduc-
tion in Au4Au collisions [993, 994], while the satura-
tion calculation predicts a somewhat higher cross section.
Calculations have also provided a reasonable estimate of
the cross sections of excited meson production, such as
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copyright (2009) Elsevier

p* states [995-997]. The Tevatron J/+ and (2S) cross
sections are compatible with expectations [701]. The
J/1¢ photoproduction cross section in Au+Au collsions
is sensitive to nuclear shadowing. The uncertainty of the
PHENIX [974] measurement is still large, but, as Fig. 90
shows, the central point indicates that shadowing is not
large. (At RHIC, midrapidity J/+ photoproduction cor-
responds to z =~ 0.015.)

Transverse momentum spectra

The pr spectrum of quarkonium photoproduction is
the sum of the photon and Pomeron pp-dependent con-
tributions. Since the photon pr is small, the spectrum
is dominated by the momentum transfer from the target
nucleus. In pp collisions, the typical momentum scale
is ~ 300 MeV, set by the size of the nucleon, while for
heavy-ion collisions, the momentum scale is ~ fic/Raq,
where R4 is the nuclear radius.

Photoproduction has a unique feature [998]: either nu-
cleus can emit the photon while the other serves as the
target. Because the two possibities are indistinguishable,
their amplitudes add. In pp and AA collisions, the possi-
bilities are related by a parity transformation. Since vec-
tor mesons have negative parity, the two amplitude sub-
tract, leading to a net amplitude A ~ A;—As exp (ipr - b)
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FIG. 91: The t = p% spectrum for p° photoproduction ob-
served by STAR in 200 GeV Au+Au collsions, averaged over
ly] < 1. The data are shown by points with error bars, and
the solid curve is a fit of the data to a sum of two components,
each exponential in ¢, representing that is coherent (dashed
curve) at low t and incoherent (dotted) at high ¢. Adapted
from [993] with kind permission, copyright (2008) The Amer-
ican Physical Society

where b is the impact parameter. The two amplitudes,
A; and A, are equal at midrapidity, but may differ for
y # 0 because the photon energies differ, depending on
which proton or nucleus emits the photon. The expo-
nential is a propagator from one nucleus to the other.
The cross section is suppressed for pr < (b) with a sup-
pression factor proportional to p%. Such suppression has
been observed by STAR [999].

The bulk of the cross section from a nuclear target is
due to coherent production since the virtual ¢g pair in-
teracts in-phase with the entire nucleus. The pr transfer
from the nucleus is small with a pr scale on the order of
a few times fic/R4. The cross section for coherent pho-
toproduction scales as Z2 (from the photon flux) times
A% where 4/3 < 6 < 2. Here, 6 = 2 corresponds to small
interaction probabilities, as expected for heavy quarko-
nia. Larger interaction probabilities lead to smaller val-
ues of §. Studies of p' photoproduction at RHIC suggest
d~5/3.

At larger pr, the ¢g pair interactions are out of phase
so that the pair effectively interacts with a single nucleon.
This contribution thus gives a harder slope in momentum
transfer, t, corresponding to the size of a single nucleon,
as can be seen in the STAR data in Fig. 91. At these
higher pp, the struck nucleon may be ejected from the
nucleus, resulting in nuclear dissociation, making it pos-
sible to probe the dynamics of hard Pomerons [996, 997].



Expected at higher pr are additional components which
probe the nucleon substructure. In this regime, the
cross sections become sensitive to the quark distributions
[1000]. Because of the higher momentum transfer from
the target, incoherent interactions contribute at larger ra-
pidities than coherent interactions, explaining the ‘wings’
at large |y| in Fig. 90.

Plans for the LHC

ALICE, CMS, and ATLAS are all planning to study
quarkonium photoproduction [988]. These events have a
very clean topology: two nearly back-to-back electrons
or muons, with almost nothing else in the detector. At
RHIC, STAR and PHENIX found that such an analysis is
relatively straightforward. The most difficult part of the
study is devising a trigger to select these events. How-
ever, the LHC experiments will benefit from vastly more
sophisticated triggers than are available at RHIC. Indeed
CMS, ATLAS, and the ALICE forward muon spectrome-
ter have triggers primitives that can be employed for this
purpose. CMS, in particular, may be able to separately
measure Y(15), T(25) and Y(3S5) photoproduction.

The LHC energy and luminosity are sufficient for copi-
ous J/1 and significant 1(25) and T signals. The great-
est physics interest may be in probing the gluon distribu-
tions, and, in particular, measuring nuclear shadowing.
At midrapidity, quarkonium production probes x values
between 2 x 10~* (.J/1 in pp collisions) and 1.7 x 1073
(T in Pb+Pb collisions). Away from midrapidity it is
possible to probe x values as low as 1076 [988].

In the case of AA collisions, since the photon can be
emiitted from either nucleus, ambiguities arise because
the photon energies, and hence the = values probed, are
different for the two possibilities. We mention two pos-
sible ways to resolve this two-fold ambiguity. Conceptu-
ally, the easiest is to study pA collisions (or dA at RHIC).
Here, the ion is usually the photon emitter. In addition,
it is possible to employ the difference in the pr spectra
for photons scattering on protons and ions to separate
the two possibilities. Unfortunately, pA runs at the LHC
are some years off. A second possiblity is to use boot-
strapping, usually by comparing results at different beam
energies. At each beam energy, the midrapidity cross sec-
tion can be unambiguously determined, giving the cross
section at a specific photon energy. At a different beam
energy, the same photon energy corresponds to a different
rapidity. By measuring the cross section at this rapidity
and subtracting the known cross section determined pre-
viously, one obtains the cross section at the new photon
energy. Unfortunately, the uncertainties add each time
the cross sections are subtracted, increasing the relative
error. A similar procedure may also employed by using
data taken under different running conditions, such as
exclusive J/1¢ production relative to J/t¢ production ac-
companied by mutual Coulomb excitation. At a given
rapidity, these two processes contribute differently to the
cross section, depending on the direction.

The LHC measurements allow for a relatively clean
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measurement of nuclear shadowing by taking the ratio of
the AA and pp cross sections. In this approach, many
of the theoretical and experimental uncertainties cancel
in the ratio, resulting in a relatively clean determination.
Additional pA data would help this study by allowing
cross checks between pA and pp interactions as well as
between AA and pA interactions. Another possibility, for
pp collisions, is to use Roman pots or other small-angle
detectors to tag the outgoing protons [1001]. The proton
that emitted the photon will usually have lower pp. Of
course, some of these techniques are also applicable at
RHIC, where the experiments are collecting large data
sets with improved triggers and particle identification.
Such measurements of the nuclear gluon distributions
will be important for understanding the properties of cold
nuclear matter, which, in turn, clarifies the interpretation
of the quarkonium signals in central heavy-ion collisions.

6. EXPERIMENTAL OUTLOOK?

Moving beyond the present status of heavy quarko-
nium physics described in the previous sections poses
major challenges to the next generation of accelerators
and experiments. In this section the future “players”
in the field will be described with special emphasis on
the potential to resolve the important open questions.
Here we will present the rationale for and status of the
newer facilities and experiments, from those already run-
ning (BESIII at BEPCII; ALICE, ATLAS, CMS, and
LHCb at the LHC) to those under construction or only
planned (PANDA and CBM at FAIR, SuperB and tau-
charm factories, lepton-hadron colliders, and high-energy
linear eTe™ colliders).

6.1. BESIII

For BESIII, the future is now. The Beijing Electron-
Positron Collider (BEPC) and the Beijing Spectrome-
ter (BES) operated in the tau-charm center-of-mass en-
ergy region between 2 and 5 GeV from 1990 until 2003.
Now, BEPC has been upgraded to a two-ring collider
(BEPCII), and a brand new detector (BESIII) has been
constructed. Commissioning of the upgraded accelerator
and new detector began in spring 2008, and the first event
was obtained on July 20, 2008. Approximately 13 x 106
1 (2S5) events were accumulated in fall 2008, which pro-
vided data for studies of the new detector and for calibra-
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tion. In spring 2009 after running for about one month,
106 x 10% 9)(2S5) events were obtained, and in summer
2009 after running for six weeks, about 226 x 105 J /v
events were accumulated. These are the world’s largest
such data sets and are approximately four times larger
than the CLEO-c 9(2S) sample and the BESII J /¢ sam-
ple, respectively. The new data will allow more detailed
studies of detector performance, and offers many physics
opportunities.

The peak design luminosity of BEPCII is 1033 cm 257!
(1nb~'s™1) at a beam energy of 1.89 GeV, an improve-
ment of a factor of 100 with respect to the BEPC. It
will operate at a center-of-mass energy between 2 and
4.6 GeV, which allows production of almost all known
charmonium and charmonium-like states. The detector
performance is also greatly improved compared to BESII.
BESIII [1002] is a new, general-purpose detector. It fea-
tures a beryllium beam pipe; a small-cell, helium-based
drift chamber (MDC); a Time-of-Flight (TOF) system;
a CsI(T1) electromagnetic calorimeter; a 1T supercon-
ducting solenoidal magnet; and a muon identifier using
the magnet yoke interleaved with Resistive Plate Cham-
bers.

Running at design luminosity, BESIII will be able
to accumulate 10 x 10° J/¢ events or 3 x 10% 9(25)
events in one year’s running. It will take around 20 fb™"
of data each at 3.77 GeV and 4.17 GeV for charm
physics. There is also the possibility of a high-statistics
fine scan between 2 and 4.6 GeV, allowing the direct
study of states with J”¢ = 17~ States with even charge
parity may be studied using radiative decays of high
mass excited ¢ states, such as ¥(25), ¥(3770), 1(4040),
1(4160), and 1(4415). All these data samples allow de-
tailed studies of charmonium physics, including the spec-
troscopy of conventional charmonium (see Sects. 2.1-2.2)
and charmonium-like (see Sect. 2.3) states, charmonium
transitions (see Sects. 3.1 and 3.3), and charmonium de-
cays (see Sects. 3.2 and 3.4). Charmonium hadronic de-
cay dynamics are especially interesting because of the pm
puzzle (see Sect. 3.4.1). The new datasets should also en-
able a better understanding of the physics of the strong
interaction in the transition region between perturbative
and nonperturbative QCD.

6.1.1. Spin singlets: he(1P), n.(1S,2S)

Below open charm threshold there are three spin-
singlet states, the S-wave spin-singlet, 7.(15), its radi-
ally excited state, 7.(25), and the P-wave spin-singlet,
he(1P). All these may be reached from (25) transitions.
The 7.(15) can also be studied in J/1 radiative decays.
Their properties are less well measured because of their
low production rates in previous ete™ experiments.

BESIII will measure the h.(1P) mass, width, spin-
parity, production rate via 1(25) — 7h.(1P), and its
E1 transition rate ho(1P) — n.(15) (see Sects. 2.2.1
and 3.1.3). BESIII will also search for its hadronic de-
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cays (see Sect. 3.4.2), which are expected to be about
50% of the total decay width, and search for other tran-
sitions.

Extraction of the 7.(15) mass and width from radiative
J/v or ¢(2S5) radiative transitions is not straightforward
due to the unexpected lineshape observed in such transi-
tions (see Sect. 3.1.2). With theoretical guidance and
more data, these transitions may become competitive
with other 7.(1S) production sources in determination
of its mass and width. In addition to increased statistics,
more decay modes will be found and their branching frac-
tions measured.

Despite the passage of eight years since the observa-
tion of the 7.(2S5) (see Sect. 2.2.2), the discovery mode
7e(25) — KK remained the only mode observed until
the summer of 2010, at which time Belle [70] reported
preliminary observation of several hadronic 7.(25) de-
cay modes in two-photon production of 7.(2S5). BESIII
will search for 7.(2S5) in ¥(2S5) radiative decays. With
much less data, CLEO-c sought 11 exclusive hadronic
decay modes in radiative transitions but saw none (see
Sect. 3.1.4), even in the discovery mode and in the three
new modes found by Belle. With more data, BESIII
will have a better chance with exclusive decay modes.
However, it will be a challenge to isolate the low-energy
(~ 50 MeV) radiative photon due to the many back-
ground photon candidates, both genuine and fake. Ob-
servation of a signal in the inclusive photon spectrum is
even more challenging, but is the only way to get the
absolute ¥(2S) — 71.(2S) transition rate. This task
will require a good understanding of both backgrounds
and the electromagnetic calorimeter performance. If the
1:(2S5) is found in radiative (2S) decays, the photon
energy lineshape can then be studied and compared to
that of the n.(15) (see Sect. 3.1.2).

6.1.2. Vectors above ¥(3770): 9’s and Y’s

There are many structures between 3.9 GeV and
4.7 GeV, including the excited ¢ (see Sect. 2.1.1) and
the Y (see Sect. 2.3.2) states [33, 82, 1003]. By doing a
fine scan in this energy range, BESIII may study the in-
clusive cross section, as well as the cross sections of many
exclusive modes, such as DD, D*D + c.c., D*D* + c.c.,
DD, ete. (see Sect. 2.1.1). This will help in under-
standing the structures, for instance, whether they are
really resonances, due to coupled-channel effects, final-
state interactions, or even threshold effects. BESIII will
also measure the hadronic and radiative transitions of
these excited ¢ and the Y states. Other XY Z particles
can also be sought in these transitions.

6.1.3. Hadronic decays

As discussed in Sect. 3.4.1, the 12% rule is expected
to hold for exclusive and inclusive decays, but is violated



by many such modes, including the namesake mode of
the pm puzzle. A plethora of experimental results ex-
ists (see Sect. 3.4.1 and references therein). With much
larger datasets, a variety of theoretical explanations can
be tested by BESIII at higher accuracy [571]. Moreover,
studies should be made not only of ratios of ¥(25) to
J/¢ decays, but also of other ratios such as those be-
tween 7.(25) and 7.(15) [1004], between 1 (3770) and
J/v [565], and other ratios between different resonances
for the same channel or between different channels from
the same resonance [1005] (e.g., yn and yn’, as discussed
in Sect. 3.2.4). All such studies are important to our
understanding of charmonium decays.

BESIII also has an opportunity to measure the direct
photon spectrum in both J/v and 1(2S5) decays and val-
ues of R, (see Eq. (22)) for both resonances (see discus-
sion in Sects. 2.8.1 and 3.2.2 and in [1002]), building on
the work of CLEO for J/v [235] and (2S5 [236].

6.1.4. Excited C-even charmonium states

Above open charm threshold, there are still many
C-even charmonium states not yet observed, especially
the excited P-wave spin-triplet and the S-wave spin-
singlet [31, 1006]. In principle, these states can be pro-
duced in the E1 or M1 transitions from excited 1 states.
As BESIIT will accumulate much data at 4.17 GeV for
the study of charm physics, the sample can be used for
such a search.

6.1.5. Decays of xcs(1P)

Approximately 30% of 1(2S) events decay radiatively
to XcJ, which decay hadronically via two or more gluons
(see Sect. 3.4.3). These events and radiative J/v¢ decays
are thought to be important processes for the production
of glueball, hybrid, and other non-qq states. BESIII will
study these processes and also search for charmonium
rare decays. The decay x.1 — n7nw is a golden chan-
nel for the study of states with exotic quantum numbers
IG(JPC) = 17(17F), that is, the m; states [18], since
these states, can be produced in y. S-wave decays. A
detailed partial wave analysis with a large x.; sample
will shed light on these exotic states.

6.1.6. Prospects

The present and future large BESIII data sets and ex-
cellent new detector will allow extensive studies of char-
monium states and their decays.
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6.2. ALICE

ALICE [1007] is the experiment dedicated to the study
of nucleus-nucleus collisions at the Large Hadron Col-
lider (LHC). The study of heavy quarkonium produc-
tion in nuclear collisions is one of the most impor-
tant sources of information on the characteristics of the
hadronic/partonic medium. (For a discussion of quarko-
nium physics in this medium, see Sect. 5.) ALICE will
study Pb+Pb collisions at top LHC Pb energy (,/Syy =
5.5 TeV), at a nominal luminosity L = 5 x 1026 cm =251,

In the ALICE physics program [1008, 1009], the study
of pp collisions is also essential, in order to provide ref-
erence data for the interpretation of nuclear collision re-
sults. In addition, many aspects of genuine pp physics
can be addressed. The pp luminosity in ALICE will be
restricted so as to not exceed L = 3 x 1030 cm2s7!.
Despite this luminosity limitation, most physics topics
related to charmonium and bottomonium production re-
main accessible.

Heavy quarkonia will be measured in the central barrel,
covering the pseudorapidity range —0.9 < n < 0.9, and in
the forward muon arm, which has a coverage 2.5 < n < 4.
In the central barrel, heavy quarkonia will be detected
through the eTe~™ decay. ALICE can push its trans-
verse momentum (pr) reach for charmonium down to
p1~0. Electron identification is performed jointly in the
TPC through the dFE/dx measurement and in the Tran-
sition Radiation Detector (TRD). In the forward region,
quarkonia will be studied via their decay into muon pairs.
Muons with momenta larger than 4 GeV/c are detected
by means of a spectrometer which includes a 3 Tm dipole
magnet, a front absorber, a muon filter, tracking (Cath-
ode Pad Chambers, CPC) and triggering (Resistive Plate
Chambers, RPC) devices.

In the following sections we will review the ALICE
physics capabilities for heavy-quarkonium measurements
at the top LHC energy within the running conditions
specified above. A short overview of the measurements
that could be performed in the first high-energy run of
the LHC will also be presented. For the ALICE physics
run in 2010, the forward muon spectrometer and most
of the central barrel detectors have been installed and
commissioned, including seven TRD supermodules (out
of 18).

In the central barrel, the geometrical acceptance for
J/v produced at rapidity |y| < 0.9 (with no pr cut on
either the .J/v or the decay electrons) is 29% for the com-
plete TRD setup. The electron reconstruction and iden-
tification efficiency in the TRD is between 80 and 90% for
pr > 0.5 GeV /¢, while the probability of misidentifying a
pion as an electron is ~1%. Below a few GeV /¢, particle
identification in the TPC [1010] contributes substantially
to hadron rejection, with an overall TPC+TRD electron
reconstruction efficiency of ~75%.

The acceptance of the forward spectrometer, relative
to the rapidity range 2.5 < y < 4, is ~35% for the J/1).
Since most of the background is due to low transverse



momentum muons, a pp cut is applied to each muon at
the trigger level. With a 1 GeV/c pr cut, there is a
~20% reduction of the J/¢ acceptance. The combined
efficiency for J/v¢ detection in the forward spectrometer
acceptance, taking into account the efficiency of tracking
and triggering detectors, is expected to be about 70%.

6.2.1. J/¢ production from Pb+Pb collisions

Heavy quarkonium states probe the medium created in
heavy-ion collisions. Color screening in a deconfined state
is expected to suppress the charmonium and bottomo-
nium yields. In addition, at the LHC, a large multiplicity
of heavy quarks (in particular, charm) may lead to signif-
icant regeneration of bound states in the dense medium
during the hadronization phase. ALICE will investigate
these topics through a study of the yields and differential
distributions of various quarkonium states, performed as
a function of the centrality of the collision.

A simulation has been performed [1011] for J/¢ pro-
duction in the forward muon arm, using as an input
a Color Evaporation Model (CEM) calculation, based
on the MRST HO set of Parton Distribution Functions
(PDF), with m. = 1.2 GeV and p = 2m, [1012]. (For
a discussion of the CEM, see Sect. 4.1.3.) With such a
choice of parameters, the total pp J/1 cross section at
VSxy = 9.5 TeV, including the feeddown from higher
resonances, amounts to 31 ub. The pp cross section has
been scaled to Pb+Pb assuming binary collision scaling
and taking into account nuclear shadowing through the
EKS98 [877] parametrization. The differential pr and y
shapes have been obtained via an extrapolation of the
CDF measurements and via CEM predictions, respec-
tively, and assuming that the J/¢ are produced unpo-
larized. The hadronic background was simulated using
a parametrized HIJING generator tuned to dNg,/dy =
8000 for central events at midrapidity (such a high value,
3-4 times that realistically expected, represents a rather
extreme evaluation of this source). Open heavy quark
production was simulated using PYTHIA, tuned to re-
produce the single particle results of NLO pQCD calcu-
lations.

At nominal luminosity, the expected J/i¢» Pb+Pb
statistics for a 10% s run, corresponding to the yearly run-
ning time with the Pb beam, are of the order of 7 x
10° events. The mass resolution will be ~70 MeV [1008,
1009]. A simulation of the various background sources
to the muon pair invariant mass spectrum in the J/1) re-
gion (including combinatorial 7 and K decays, as well as
semileptonic decays of open heavy flavors) shows that the
signal-to-background ratio, S/ B, ranges from 0.13 to =~ 7
when moving from central to peripheral collisions. With
such statistics and S/ B values it will be possible to study
the proposed theoretical scenarios for the modification of
the J/v yield in the hot medium.

The transverse momentum distributions can be ad-
dressed with reasonable statistics even for the relatively

133

less populated peripheral Pb+Pb collisions. In particu-
lar, for collisions with an impact parameter b > 12 fm, we
expect having more than 1000 events with pr > 8 GeV/c.

Finally, a study of the J/v¢ polarization will be per-
formed by measuring the angular distribution of the de-
cay products. With the expected statistics, the polar-
ization parameter A extracted from the fit do/dcosf =
ao(1 + Acos? ) can be measured, defining five impact
parameter bins, with a statistical error < 0.05 for each
bin.

Another simulation of J/v production at central ra-
pidity has been carried out using as input the rates ob-
tained from the CEM calculation described above. For
high-mass electron pairs, the main background sources
are misidentified pions and electrons from semileptonic
B and D decays. The value dN.,/dy = 3000 for cen-
tral events at y = 0 was used for the simulation of the
hadronic background. PYTHIA was used for open heavy
quark production, with the same tuning used for the for-
ward rapidity simulations.

For Pb+Pb, the expected J/v statistics, measured for
10% s running time at the nominal luminosity, are about
2x10° candidates from the 108 collisions passing the 10%
most central impact parameter criteria. The mass reso-
lution will be ~30 MeV [1013]. The background under
the J/1¢ peak, dominated by misidentified pions, is at a
rather comfortable level (S/B = 1.2). As for the forward
region, it will therefore be possible to test the proposed
theoretical models.

The S/B ratio is expected to increase as a function of
pr, reaching a value of ~ 5 at 10 GeV/c. The expected
statistics at that pr are still a few hundred counts, im-
plying that differential J/v spectra can also be studied.

6.2.2. J/¢ production from pp collisions

Quarkonium hadroproduction is an issue which is not
yet quantitatively understood theoretically. A study of
J /1 production in pp collisions at ALICE aims at a com-
prehensive measurement of interesting observables (pro-
duction cross sections, pr spectra, polarization) useful to
test theory in a still unexplored energy regime. Further-
more, the forward rapidity measurement offers a possi-
bility to access the gluon PDFs at very low x (< 107%).

In the forward muon arm, J/v production at /s =
14 TeV has been simulated using the CEM, with param-
eters identical to those listed above for Pb+Pb collisions.
The J/v total cross section turns out to be 53.9 ub, in-
cluding the feeddown from higher-mass resonances. A
typical data taking period of one year (assuming 107s
running time) at L = 3 x 103°cm 2571 gives an inte-
grated luminosity of 30 pb~'. The corresponding dimuon
invariant mass spectrum, for opposite-sign pairs, is shown
in Fig. 92.

The expected J/i statistics are ~ 2.8 x 106
events [1014]. The background under the J/i peak is
dominated by correlated decays of heavy flavors but is



anyway expected to be quite small (S/B = 12). Tt will
be possible to study the transverse momentum distribu-
tion of the J/v¢ with negligible statistical errors up to at
least pr = 20 GeV/c. By studying the shape of the J/4
rapidity distribution in the region 2.5 < y < 4 it will
be possible to put strong constraints on the gluon PDFs
and, in particular, to discriminate between the currently
available extrapolations in the region around z = 107°.
With the expected statistics it will also be possible to
carry out a detailed analysis of the pr dependence of the
J /1 polarization.

In a pp run, a sample of a few thousand J/1 events
is expected to be acquired in minimum bias collisions.
With such statistics it will be possible to measure do/dy
at midrapidity. In order to improve these statistics, the
implementation of a Level-1 trigger for electrons is fore-
seen. Assuming a conservative trigger efficiency of 10%,
one would get about 7 x 105 J/¢. Such a yield would
open up the possibility of measuring differential spectra
up to high pr and polarization.

6.2.3. J/¢ production from b-hadron decays

When measuring J/v production at the LHC, a signif-
icant fraction of the measured yield comes from b-hadron
decays. This J/v¢ source is a very interesting physics
signal for the evaluation of the open-bottom production
cross section, nicely complementing measurements per-
formed via single leptons. It is also an important com-
ponent to be disentangled when one wants to identify
prompt J/¢ production, as it is the case for studies of
yield modifications in nuclear collisions.
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At midrapidity, thanks to the excellent vertexing ca-
pabilities of ALICE, the secondary b-decay vertex can be
separated. A good measure of the separation from the
main vertex is L, the signed projection of the J/« flight

distance, L, on its transverse momentum, pr, defined as
L x pr
Lyy = .
pr

(188)

To reduce the dependence on the J/v transverse momen-
tum distribution, the variable x is used instead of L

m(J/¢)

T = Ly X oy
where m(J/v) is the known J/v¢ mass. Studies based on
Monte Carlo simulation have shown that the fractions of
secondary J/v as a function of pr can be extracted by
a likelihood fit to the dielectron invariant mass and the
x variable defined above with uncertainties smaller than
10%. This approach will also provide a measurement
of the open-bottom pp-differential cross section down to
pr = 0.

The situation is more difficult at forward rapidity. Due
to the presence of a thick hadron absorber in the path of
the muons, the accuracy on the position of the J/¢ pro-
duction vertex is not sufficient. Work is in progress in
order to evaluate the secondary .J/v yield starting from
the study of events with 3 muons detected in the muon
spectrometer in pp collisions. Finally, the option of intro-
ducing a Si vertex tracker covering the 2.5 < 1 < 4 rapid-
ity domain is currently under study. It should be noted
that open-bottom production at forward rapidity will be
estimated from the study of the single-u pr distributions
and from the contribution to the dimuon continuum of
correlated semileptonic decays of b-hadrons. These mea-
surements will allow us to estimate the fraction of the
J/1 yield coming from b decays.

Ty

(189)

6.2.4. Production of xc7(1P) and ¢ (2S)

It is well known that a significant fraction (up to =
40%) of the measured J/1) yield comes from x.; and
1¥(2S5) decays. An accurate measurement of the yield of
these resonances is therefore an important ingredient in
the interpretation of the J/v production data. At the
same time, these higher-mass resonances suffer from a
much smaller feeddown contribution than the J/¢ and
may represent cleaner signals for theoretical calculations.

The dilepton yield from (25) is much smaller than
that of J/t¢. At the nominal LHC energy and luminos-
ity described above, one expects about 7.5 x 10 events
in the forward muon arm for a standard pp run, with
S/B = 0.6 [1014]. In Pb+Pb collisions, the situation is
not so favorable, due to the much larger combinatorial
background. The expected statistics are about 1.5 x 10*
events, but with a S/B ratio ranging from 18% to only
1% from peripheral to central collisions. The background



levels at midrapidity are prohibitive for Pb+Pb collisions;
a measurement in pp collisions also appears to be prob-
lematic.

Concerning x., a feasibility study has been performed
on the detection of the radiative decay x. — J/¢v at
midrapidity in pp collisions [1015]. The J/v¢ has been
reconstructed via its eTe™ decay, while the photon con-
version has been reconstructed from opposite-sign tracks
with opening angle < 0.1rad and mass < 0.175 GeV.
The x.1 and Yo states can be separated in the Am =
m(eTe”y) — m(ete™) spectrum. The mean reconstruc-
tion efficiency is 0.9%. As for J/4 production at midra-
pidity, triggering is crucial also for this signal. With a
10% trigger efficiency, several thousand events could be
collected in a pp run.

6.2.5. Y production

In nucleus-nucleus collisions, the yield of T(1S, 25, 35)
states should exhibit various degree of suppression due to
the screening of the color force in a Quark-Gluon Plasma.
Results from pp collisions will be essential as a normaliza-
tion for Pb+Pb results and extremely interesting in order
to understand the related QCD topics (see Sect. 5).

In the forward rapidity region, where the muon-pair
invariant-mass resolution is ~100 MeV, the Y states can
be clearly separated. The expected yields are of the order
of 7 x 10? events for the T(15) in Pb+Pb collisions, and
factors ~ 4 and = 6.5 smaller for the higher-mass reso-
nances Y(2S) and Y(3S5), respectively [1011]. The S/B
ratios will be more favorable than for the J/¢ (=~ 1.7 for
the T(15) in central collisions). In pp collisions, about
2.7 x 10* T(1S) events are expected for one run [1014].
These statistics will allow, in addition to the integrated
cross section measurement, a study of pr distributions
and polarization.

At midrapidity, a possibility of measuring the Y states
is closely related to the implementation of a Level-1 trig-
ger on electrons [1013]. Assuming a conservative 10%
trigger efficiency, about 7000 T events could be collected
in a pp run. In a Pb+Pb run, a significant T(15) sample
(several thousand events) can be collected with a com-
fortable S/B ~ 1. The statistics for the higher-mass
resonances depend crucially on the production mecha-
nism. Assuming binary scaling, as for T(15), a measure-
ment of Y(25) looks very promising (=~ 1000 events with
S/B = 0.35).

6.2.6. First LHC high-energy running

In 2010 the LHC has begun to deliver proton beams
at /s = 7TeV. Under the present running conditions,
during 2010 it is expected that a few 10* J/tp — ptpu~
will be collected in the forward spectrometer using a sin-
gle muon trigger. With these statistics a measurement of
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the pr distribution and a pp-integrated polarization esti-
mate could be within reach. Several hundred (25) and
T(1S) events could be collected, enough for an estimate
of the pr-integrated cross sections.

Assuming a sample of 10° minimum bias events, the
expected J/v statistics in the central barrel are a few
hundred events (due to the reduced coverage provided by
the presently installed TRD supermodules). Employing
the TRD trigger would enhance this sample significantly
and would enable measurements of other charmonium
states, as well as of the T.

6.3. ATLAS

ATLAS [1016, 1017] is a general-purpose 47 detector
at the LHC. Although primarily designed for the discov-
ery of physics beyond the Standard Model through the
direct observation of new particles, indirect constraints
through precise measurements of known phenomena are
also an important avenue of activity. The quarkonium
program of ATLAS falls into this category. Of particular
importance to these studies are the tracking detector and
muon spectrometer. The silicon pixels and strips close to
the interaction point allow primary and secondary ver-
tex reconstruction with good resolution. The vast muon
spectrometer in the outer parts of the machine provides a
flexible muon trigger scheme that can fire on pairs of low-
momentum (4 GeV/c) muons as well as efficient muon
identification and reconstruction. Together these factors
have allowed ATLAS to assemble a strong quarkonium
physics program.

We review here the ATLAS capability relevant for
prompt quarkonium production at the LHC, in par-
ticular the methods of separating promptly produced
J/p — ptp” and T — pTp~ decays from the various
backgrounds. The outlook for the first measurements
at 7 TeV is also discussed. All of the results shown
here are taken from the Computing Services Commission-
ing [1018, p. 1083-1110] exercises on Monte Carlo carried
out in 2008.

6.3.1. Trigger considerations

A detailed account of the ATLAS trigger can be found
in [1019], and the full details of the trigger scheme to be
used in the ATLAS bottom and quarkonia program are
available in [1018, p. 1044-1082]. The quarkonium pro-
gram relies on two trigger methods in particular. The
first requires the lowest-level trigger to fire on two over-
threshold muons independently, forming two conical “Re-
gions of Interest” (Rols) around the muon candidate.
Full track reconstruction on hits within the Rols is then
performed by higher-level trigger algorithms to confirm
and refine the low-level signature. The second method
requires only one muon at the lowest level; the Rol in
this case encompasses a larger volume and the second



muon is sought only in the higher-level algorithms. These
methods allow thresholds in pr down to 4 GeV/c. An al-
ternative approach requires only one muon, with a higher
pr threshold of 10 GeV/¢; in this case the other muon is
sought offline.

Any determination of the quarkonia cross sections re-
quires a detailed understanding of the trigger efficiencies.
With around 10 pb™' of data it will be possible to mea-
sure the efficiency maps directly from the data, using the
narrow J/v resonance in the so-called “Tag and Probe”
method [1018, p. 1069-1081]. With fewer data such maps
will have to be made from Monte Carlo.

Figure 93 shows the density of the production cross
section for pp — J/¢ — ptpu~ and pp — Y — ptp~ as
a function of the pt of the two muons, with cut lines rep-
resenting dimuon triggers of (4,4) and (6,4) GeV/c and
the single-muon trigger threshold of 10 GeV/c. It can be
seen immediately that the situation for the two states is
very different. In the case of J/v, most of the decays pro-
duce muons with pr well below the (4,4) GeV/c thresh-
old, which is as low as the ATLAS muon triggers can go.
Furthermore, it is clear that increasing the thresholds to
(6,4) GeV/c does not lose many additional events. On
the other hand, the Y, which is three times as massive as
the J/4, decays into muons with significantly higher pr.
In this case the difference between thresholds of (4,4)
and (6,4) GeV/c is critical, with the lower cut capturing
many more events and resulting in an order-of-magnitude
increase in the accessible cross section. See Table 46
for expected cross sections from a variety of quarkonium
states for different trigger configurations. Although ex-
cited Y states are included in the table, it is unlikely that
ATLAS will have good enough mass resolution to be able
to separate them. It should also be noted that the muon
trigger configuration used early-on will have a nonzero
efficiency below the (4,4) GeV/c threshold, which will
allow ATLAS to collect more events than suggested by
Table 46, which assumes hard cuts. Finally, the opening
angle between the muons in Y decay is typically much
larger than for J/v, which presents a difficulty for Rol-
guided triggers because the Rol is generally too narrow.
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FIG. 93: Density of production cross section for J/¢ and T
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TABLE 46: Predicted cross sections for various prompt
quarkonia production and decay into dimuons for three trig-
ger scenarios

State Cross section, nb
papsd néud ©10 pnéud N plo
J/ 28 23 23 5
P(25) 1.0 0.8 0.8 0.2
T(1S) 48 5.2 2.8 0.8
T(25) 16 1.7 0.9 0.3
T(35) 9.0 1.0 0.6 0.2

Physics studies of T will therefore benefit from the “full
scan” dimuon triggers, which allow the whole tracking
volume to be accessed by the higher-level trigger algo-
rithms rather than just hits in the Rol. Full-scan triggers
are CPU-intensive and will only be available at low lu-
minosity.

The angle cos 8*, used in quarkonium spin-alignment
analyses, is defined (by convention) as the angle in the
quarkonium rest frame between the positive muon from
the quarkonium decay and the flight direction of the
quarkonium itself in the laboratory frame. The distribu-
tion of this angle may depend on the relative contribu-
tions of the different quarkonium production mechanisms
that are not fully understood. Different angular distri-
butions can have different trigger acceptances: until the
spin alignment is properly understood, a proper determi-
nation of the trigger acceptance will not be possible. For
quarkonium decays in which the two muons have roughly
equal pr, cos8* =~ 0; such decays will have a high chance
of being accepted by the trigger. Conversely, quarkonia
decays with |cos#*| &~ 1 will have muons with very dif-
ferent pr, and as the lower pr muon is likely to fall below
the trigger threshold, such events have a greater chance
of being rejected. Figure 94 shows the cos6* distribu-
tions for J/v¢ and T after trigger cuts of pr > (6,4) GeV
(solid line) and a single muon trigger cut of pr > 10 GeV
(dashed line). The samples were generated with zero spin
alignment, so without trigger selection the cos6* distri-
bution would be flat across the range —1 to +1. The
figures show, first, that a narrow acceptance in cos6*
would impair the spin-alignment measurements, and sec-
ond, that the single-muon trigger has much better accep-
tance at the extreme ends of the cos 8* distribution, since
it has a much better chance of picking up events with one
low-pt and one high-pr muon. At low luminosity such
a trigger will have an acceptable rate, and, used in con-
junction with the dimuon triggers, will provide excellent
coverage across the whole cos 8* range.



6.3.2. Fvent selection

Events passing the triggers are processed offline.
Oppositely-charged pairs of tracks identified as muons
by the offline reconstruction are fit to a common ver-
tex, after which the invariant mass is calculated from
the refitted track parameters. Candidates whose refitted
mass is within 300 MeV (1 GeV) of the J/¢ (T) table
mass of 3097 (9460) MeV are regarded as quarkonia can-
didates and are accepted for further analysis. Table 47
shows the mass resolution for J/¢ and T candidates for
three cases: both muon tracks reconstructed in the barrel
(In| < 1.05), both in the endcaps (|| > 1.05), and one
each in the barrel and an endcap.

For prompt quarkonia candidates accepted by a
dimuon trigger there are five major sources of back-
ground:

J/v — ptp~ candidates from bb events

e nonresonant up~ from bb events

e nonresonant up~ from charm decays

e nonresonant up~ from the Drell-Yan mechanism
e nonresonant = from m and K decays-in-flight

The first two in the list are the largest: decays of the
form b — J/1¢ (— ptp~) X and dimuons from bb events.
While the charm background may be higher in aggregate,
the pr spectrum of the muons falls off sharply and the
probability of a dimuon having an invariant mass close
to either of the quarkonia is much lower than for the bb.
Monte Carlo studies indicate that the background from
Drell-Yan is negligible because only a tiny fraction passes
the trigger thresholds. Muons from decays-in-flight also
have a very sharply falling pp spectrum and also need to
be in coincidence with another muon, such that the two
form an accepted quarkonium candidate, and hence are
not dominant background contributors.

Since all of the sources above (aside from Drell-Yan)
produce muons which emerge from a secondary vertex,
it is possible to suppress them by means of a secondary-
vertex cut based on the pseudoproper time, defined as

Ly, %
e RakLy (190)
pr X ¢
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T dimuon decays
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TABLE 47: Mass peak positions and resolutions for prompt
quarkonia production in various pseudorapidity ranges

State mMmrec — MpDG Resolution o (MeV)

(MeV) Average Barrel Mixed Endcap
J/Y +4+1 53 42 54 75
T +15+1 161 129 170 225
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FIG. 95: Pseudoproper decay-time distribution for recon-
structed prompt J/v¢ (dark shading) and the sum of direct
and indirect contributions (lighter shading)

where m and pr are the invariant mass and transverse
momentum of the quarkonium candidate, respectively,
and L, is the measured radial displacement of the two-
track vertex from the beamline as in Eq. (188). A collec-
tion of prompt quarkonia will have a pseudoproper time
distribution around zero, while distributions for non-
prompt candidates will have an exponentially decaying
tail on the positive side due to the nonzero lifetime of
the parent, as shown in Fig. 95. By making a cut on 7,
it is possible to exclude the nonprompt component by,
for instance, removing all prompt J/¢ candidates with
7 > 0.2 ps, thereby obtaining a sample with an efficiency
of 93% and a purity of 92%. In the case of T there
is no background from b — J/¢ (utp~) X to address.
But bb — p ™ is more problematic in this higher-mass
region: the two muons must have come from different
decays, rendering the use of pseudoproper time less ef-
fective. However, it is possible, e.g., to insist that both
muon tracks in the candidate are used to build the same
primary vertex: in this case the bb — p+pu~ background
under the T can be reduced by a factor of three or more
while losing about 5% of the signal.

Figure 96 shows the quarkonia signals and the princi-
pal backgrounds for the dimuon trigger with thresholds



TABLE 48: For prompt quarkonia with various selection and
background suppression cuts, predicted and observed cross
sections, and efficiencies relative to generator-level Monte
Carlo

J Jy T T
pwbpd  pl0 pbpd w0
23 nb 23 nb 5.2nb 2.8 nb

Quantity

Trigger type
MC cross sections

€1 Trigger, reconstruction,
and vertexing %  90% 51%  90%

€2 Offline cuts 90% T6% 95% 5%
e Overall efficiency €1 x e2 67% 69% 49%  68%

Observed signal o 15nb 16 nb 2.5 nb 2.0 nb

N (10pb™1) 150K 160K 25K 20K
Ny (10pb~1) 7K 700K 16K 2000K
Signal/bgd at peak 60 1.2 10 0.05

of pr > (6,4) GeV. The higher resonances of the T were
not included in the simulation; hence their absence from
the plot. A pseudoproper time cut of 0.2 ps has been
applied as described above, and both muon tracks in a
candidate are required to have been fitted to the same
primary vertex. Table 48 summarizes the reconstruction
efficiencies of all of the cuts described above for the dif-
ferent trigger schemes.
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FIG. 96: Cumulative plot of the invariant mass of dimuons
from various sources, reconstructed with a dimuon trigger
with thresholds of pr > (6,4) GeV, with the requirements
that both muons are identified as coming from the primary
vertex and with a pseudoproper time cut of 0.2 ps. The dot-
ted line shows the cumulative distribution without vertex and
pseudoproper time cuts
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6.3.3.  Prompt quarkonium polarization

The Color Octet Model (COM) predicts that prompt
quarkonia are transversely polarized, with the degree of
polarization increasing as a function of the transverse mo-
mentum of the quarkonium. Other models predict differ-
ent pp-behaviors of the polarization, so this measurable
quantity serves as an important discriminator of the var-
ious quarkonia production models. As discussed above,
the polarization can be accessed via the distribution of
the angle cos #*. This measurement is challenging due to
reduced acceptance at high |cos 6*| and the difficulty of
disentangling acceptance corrections from the spin align-
ment. Additionally, feeddown from . and B mesons may
act to reduce polarization in the final quarkonia sample.

The ATLAS program, in this respect, seeks to mea-
sure the polarization of prompt quarkonia states up to
transverse momenta of ~ 50 GeV /¢, with the coverage
in cos#* extended through the use of both single- and
double-muon triggers. The high quarkonia rate at the
LHC will allow ATLAS to obtain a high-purity prompt
quarkonia sample through the use of the pseudoproper
time cut, which reduces the depolarization due to con-
tamination from nonprompt quarkonia. Taken together,
these techniques will allow ATLAS to control the sys-
tematics of the polarization measurement. Of the two
main quarkonium states, the J/v is easier to deal with
than the T due to a higher production cross section and
much lower backgrounds with the single muon trigger.
Indeed, the background to the single-muon trigger for T
renders the sample available at 10 pb™* essentially unus-
able: the reduced acceptance in the high | cos 8*| part of
the angular distribution cannot be offset with use of a
single-muon trigger in the same way as for J/1. For this
reason the uncertainties on the spin alignment for YT are
much higher than J/1.

The uncertainties from both integrated luminosity and
spin alignment need to be factored into measurement
errors for prompt quarkonia production cross sections.
Both are expected to be high in the early running of
the new machine. However, the relative magnitudes of
the cross sections measured in separate pr slices will be
unaffected by both luminosity and spin-alignment uncer-
tainties.

Summarizing the main conclusion of [1018, p. 1083-
1110]: after 10 pb~! it should be possible to measure the
spin alignment, «, of prompt J/¢ with a precision of
Aa = +0.02-0.06 for pr > 12 GeV /¢, depending on the
level of polarization. For the reasons discussed above, in
the case of Y, the precision is about ten times worse -
of order 0.2. With an integrated luminosity increased by
a factor of 10, the uncertainties on T polarization could
drop by a factor of around 5 because the sample obtained
with the p10 trigger will become more useful.



6.3.4. FEarly 7 TeV LHC running

The quarkonium program in ATLAS has begun with
the first runs of the LHC. The first task is to observe
the resonances in the data, using the peaks as calibra-
tion points to assess the performance of the muon- and
inner-detector track reconstruction and the muon trig-
gers. These studies are being carried out in a rapidly
changing luminosity and trigger environment as the LHC
itself is commissioned.

After about 1 pb~' ATLAS should have collected some
15K J/v and 2.5K T candidates decaying to pairs of
muons passing the dimuon trigger requiring both muons
to have a pr of 4 GeV//c and one having at 6 GeV /c. The
single-muon trigger with a threshold of 10 GeV/c will
provide largely independent additional samples of 16K
J/¢ and 2K T decays. Separately from these, some 7K
J/v — puTp~ events are expected from b-hadron decays.
All of these decays can be used for detector performance
studies. Furthermore, a measurement of the fraction of
J/v arising from B decays will be possible at this level,
although the muon trigger and reconstruction efficiencies
will have to be estimated with Monte Carlo at this stage.

After about 10pb~ ! there will be sufficient statistics
to use the data-driven tag-and-probe method to calcu-
late the efficiencies, leading to a reduction in the system-
atic uncertainties on the ratio measurement. The prp-
dependence of the production cross section for both J/1)
and Y should be fairly well measured by then, over a wide
range of transverse momenta (10 < pp < 50 GeV/c).

After around 100 pb~" the J/v¢ and T differential cross
sections will be measured up to transverse momenta
around 100 GeV /c. With several million J/v and around
500K 7T, and a good understanding of the efficiency and
acceptance, polarization measurements should reach pre-
cisions of a few percent. Additional luminosity may allow
the observation of resonant pairs of J/¢ in the T mass
region from the decays of i, and x; states.

6.4. CMS

The primary goal of the Compact Muon Solenoid
(CMS) experiment [1020] is to explore particle physics
at the TeV energy scale exploiting the proton-proton
collisions delivered by the LHC. The central feature
of the CMS apparatus is a superconducting solenoid
of 6m internal diameter which provides an axial mag-
netic field of 3.8 T. Within the field volume are the
silicon tracker, the crystal electromagnetic calorimeter
and the brass/scintillator hadronic calorimeter in barrel
and endcap configurations. CMS also has extensive for-
ward calorimetry, including a steel/quartz-fibre forward
calorimeter covering the 2.9 < |n| < 5.2 region. Four sta-
tions of muon detectors are embedded in the steel return
yoke, covering the |n| < 2.4 window. Each station con-
sists of several layers of drift tubes in the barrel region
and cathode strip chambers in the endcap regions, both
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complemented by resistive plate chambers.

Having a high-quality muon measurement was one of
the basic pillars in the design of CMS. Around 44% of the
J /¢ mesons produced in pp collisions are emitted within
the almost 5 units of pseudorapidity covered by the muon
stations, which cover an even larger phase-space fraction
for dimuons from Y decays. These detectors are crucial
for triggering and for muon identification purposes; CMS
can easily select collisions which produced one or more
muons for writing on permanent storage. The good qual-
ity of the muon measurement, however, is mostly due to
the granularity of the silicon tracker (1440 silicon-pixel
and 15 148 silicon-strip modules) and to the very strong
bending power of the magnetic field [1021]. The silicon
tracker also provides the vertex position with ~15um
accuracy [1022].

The performance of muon reconstruction in CMS has
been evaluated using a large data sample of cosmic-ray
muons recorded in 2008 [1023]. Various efficiencies, mea-
sured for a broad range of muon momenta, were found
to be in good agreement with expectations from Monte
Carlo simulation studies. The relative momentum reso-
lution for muons crossing the barrel part of the detector
is better than 1% at 10 GeV/c.

The CMS experiment, thanks to its good performance
for the measurement of dimuons, including the capabil-
ity of distinguishing prompt dimuons from dimuons pro-
duced in a displaced vertex, should be ideally placed to
study the production of several quarkonia, including the
J/, ¥(25) and T(15,285,3S) states. Complementing
the dimuon measurements with the photon information
provided by the electromagnetic calorimeter should also
allow reconstruction of the x. and x; states. Such mea-
surements will lead to several studies of quarkonium pro-
duction. Some will be simple analyses that will lead to
the first CMS physics publications. Other rather com-
plex ones will come later, such as the measurement of
the polarization of the directly-produced J/v¢ mesons as
a function of their pr, after subtraction of feeddown con-
tributions from x. and B-meson decays.

Here we do not describe an exhaustive description of all
the many interesting quarkonium physics analyses that
can, in principle, be performed by CMS. Instead, we fo-
cus on only a few representative studies. We only men-
tion measurements with dimuons in proton-proton colli-
sions, despite the fact that similar studies could also be
made with electron pairs, and/or in heavy-ion collisions,
at least to some extent.

6.4.1. Quarkonium production

At midrapidity, the strong magnetic field imposes a
minimum transverse momentum of around 3 GeV/c for
muons to reach the muon stations. At forward angles,
the material thickness imposes a minimum energy on the
detected muons, rather than a minimum pr. In general,
for a muon to trigger it needs to cross at least two muon



stations. This requirement rejects a significant fraction
of the low p J/v dimuons which could be reconstructed
from a data sample collected with a “minimum bias” trig-
ger. In the first few months of LHC operation, while the
instantaneous luminosity will be low enough, less selec-
tive triggers can be used. For instance, it is possible to
combine (in the “high-level trigger” online farm) a single-
muon trigger with a silicon track, such that their pair
mass is in a mass window surrounding the J/1 peak. In
this way, sizeable samples of low pr J/v¢ dimuons can be
collected before the trigger rates become too large.

Figure 97 shows a J/v¢ pr distribution resulting from
a Monte Carlo simulation study (based on a tuned [1025]
version of the PYTHIA [1026] event generator). This
study [1024] was made for pp collisions at 2360 GeV and
corresponds to a minimum-bias event sample, collected
without any trigger selection of muon-station signals. We
see that CMS should have the capability of measuring
very low pr J/¢ dimuons, especially if one of the two
muons (or both) is reconstructed as a “tracker muon”,
meaning that it only traverses one muon station. In fact,
most of the yield that could be reconstructed by CMS
is contained in the muon-pair category where only one
of the muons crosses two or more muon stations (the
“global-tracker” pairs).

By accepting events with one of the muons measured
only in one station, the signal-to-background ratio in
the J/v dimuon mass region becomes smaller than in
the “global-global” category. However, it remains rather
good, as illustrated in Fig. 98, where we see the J/1
peak reconstructed from pp collisions at 7 TeV after ap-
plying certain selection cuts on the muons and requiring
a minimum dimuon vertex quality.

With ~10pb~ " of integrated luminosity for pp colli-
sions at 7 TeV, CMS should collect a few hundred thou-
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FIG. 97: Transverse momentum distribution of dimuons from
J /v, reconstructed by CMS in three different muon-pair cat-
egories, which depend upon the number of stations crossed
by the muons (MC study) [1024]
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sand J/v¢ dimuons and a few tens of thousands of T(1.5)
dimuons. It is important to note that CMS can measure
muon pairs resulting from decays of zero pr Ts. Indeed,
the high mass of the T states (~10 GeV) gives single
muons enough energy to reach the muon stations even
when the T is produced at rest.

Given its very good muon momentum resolution, bet-
ter than 1% (2%) for the barrel (endcap) region for muon
momenta up to 100 GeV/c [1028], CMS will reconstruct
the J/v and T peaks with a dimuon mass resolution of
around 30 and 80 MeV, respectively, better at midrapid-
ity than at forward rapidity [1029].

The very good electromagnetic calorimeter of CMS,
covering the range |n| < 3.0, enables the study of x.
and xp production through the measurement of their ra-
diative decays. Such measurements are crucial to evalu-
ate non-negligible feeddown contributions to prompt J/4
and Y production, a mandatory ingredient to fully under-
stand the physics of quarkonium production from mea-
surements of differential cross sections and polarization.
The contribution of ¥(2S) and x. decays to prompt J/1)
production has recently been evaluated to be 8.1 +0.3%
and 25 + 5%, respectively [864], while around half of the
T(1S) yield is due to decays of heavier bottomonium
states, at least for pr(Y) > 8 GeV/c [668]. The decays of
b-hadrons also contribute to the observed J/v yield. This
further complication can be kept under control through
the measurement of nonprompt J/¢ production, which
CMS can do efficiently thanks to very good vertexing
and b-tagging capabilities, and profiting from the long b-
hadron lifetimes. In the Y sector there are no feeddown
decays from nonprompt sources.

Given the performance capabilities of the CMS de-
tector, which include a good dimuon mass resolution, a
broad rapidity coverage, acceptance down to zero pr for
the T states (and also to relatively low pr for the J/v),
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FIG. 98: Dimuon mass distribution reconstructed for pp colli-
sions at 7 TeV, for an integrated luminosity of 15 nb™" [1027]




CMS is in a very good position to do detailed studies of
the quarkonium production mechanisms, hopefully an-
swering some of the questions left open by the lower
energy experiments. Naturally, the CMS quarkonium
physics program foresees measurements of the differen-
tial production cross sections, versus pr and rapidity, of
many quarkonium states. Given the large charm and
bottom production cross sections at LHC energies, CMS
should collect large J/1 and T event samples in only a
few months of LHC operation, leading to physics pub-
lications on, in particular, their pr distributions, very
competitive with respect to the presently available Teva-
tron results.

6.4.2. Quarkonium polarization

Polarization studies, particularly challenging because
of their multidimensional character, will exploit the full
capabilities of the CMS detector and the ongoing opti-
mization of dedicated trigger selections. CMS will study
the complete dilepton decay distributions, including po-
lar and azimuthal anisotropies and as functions of pr and
rapidity, in the Collins-Soper (CS) and the helicity (HX)
frames. These analyses will require considerably larger
event samples than the cross section measurements. The
acceptance in the lepton decay angles is drastically lim-
ited by the minimum-pt requirements on the accepted
leptons (rather than reflecting geometrical detector con-
straints). Polarization measurements will therefore profit
crucially from looser muon triggers. Moreover, such
trigger-specific acceptance limitations determine a signif-
icant dependence of the global acceptances (in different
degrees for different quarkonium states) on the knowledge
of the polarization. The systematic contributions of the
as-yet unknown polarizations to early cross section mea-
surements will be estimated, adopting the same multidi-
mensional approach of the polarization analyses. Plans
for high-statistics runs include separate determinations
of the polarizations of quarkonia produced directly and
of those coming from the decays of heavier states. Cur-
rent studies indicate that CMS should be able to measure
the polarization of the J/1’s that result from x. decays,
together with the pr-dependent J/v feeddown contribu-
tion from y. decays, from very low to very high pr.

All measurements will also be reported in terms of
frame-invariant quantities, which will be determined,
for cross-checking purposes, in more than one refer-
ence frame. These plans reflect our conviction that ro-
bust measurements of quarkonium polarization can only
be provided by fully taking into account the intrin-
sic multidimensionality of the problem. As emphasized
in [722, 1030], the measurements should report the full
decay distribution in possibly more than one frame and
avoid kinematic averages (for example, over the whole
rapidity acceptance range) as much as possible.

Figure 99 shows, as a simple example, how a hypo-
thetical Drell-Yan-like polarization (fully transverse and
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FIG. 99: Anisotropy parameters in (a) polar and (b) az-
imuthal angle vs. transverse momentum for ¥ — ¢4~ de-
cays in the HX frame for a natural polarization Ay = +1 in
the CS frame. The curves in each plot correspond to differ-
ent rapidity intervals representative of different experiments.
Starting from the solid line: |y| < 0.6 (CDF), |y| < 0.9
(ALICE, e*e™ channel), |y| < 1.8 (D@), |y| < 2.5 (AT-
LAS and CMS), 2 < |y| < 5 (LHCb). For simplicity, the
event populations have been assumed to be flat in rapidity.
The vertical axis of the polarization frame is here defined as
sign(pL)(ﬁ’l xﬁ’g)/\ﬁ’l xﬁ’2|, where P'; and P’y are the mo-
menta of the colliding protons in the quarkonium rest frame
(the sign of Ay, depends on this definition)

purely polar in the CS frame) in the T mass region would
translate into different pr-dependent polarizations mea-
sured in the HX frame by experiments with different ra-
pidity acceptances. The anisotropy parameters Ay, A,
and Ay, are defined as in [722]. This example illustrates
the following general concepts:

e The polarization depends very strongly on the ref-
erence frame. The very concepts of “transverse”
and “longitudinal” are frame-dependent.

e The fundamental nature of the polarization ob-
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FIG. 100: Polar angle anisotropy parameter vs. transverse
momentum for ¥ — ¢T¢~ decay, observed in the (a) HX
and (b) CS frames when 40% (60%) of the events have full
transverse polarization in the HX (CS) frame. The curves
in each plot represent measurements performed in different
experimental acceptance ranges, as detailed in Fig. 99

served in one chosen frame can be correctly inter-
preted (without relying on assumptions) only when
the azimuthal anisotropy is measured together with
the polar anisotropy.

e The measured polarization may be affected by “ex-
trinsic” kinematic dependencies due to a nonopti-
mal choice of the observation frame. Such extrin-
sic dependencies can introduce artificial differences
among the results obtained by experiments per-
formed in different acceptance windows and give
a misleading view of the polarization scenario.

On the other hand, these spurious effects cannot always
be eliminated by a suitable frame choice, as is shown by
the further illustrative case represented in Fig. 100. Here
it is assumed that 60% of the T events has natural polar-
ization Ay = +1 in the CS frame and the remaining frac-
tion has natural polarization Ay = +1 in the HX frame.
While the polarizations of the two event subsamples are
intrinsically independent of the production kinematics,
in neither frame will measurements performed in differ-
ent transverse and longitudinal momentum windows find
identical results for Ay (the same is true for the other two
anisotropy parameters, not shown here). This example
provides a first motivation for the complementary use of
a frame-invariant approach [1030], consisting of the mea-
surement of intrinsically rotation-invariant polarization
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parameters like

1+/\9+2)\¢

K:
3+ Ao

(191)
In the example of Fig. 100, all experiments would mea-
sure a constant, frame-independent value K = 1/2. This
method facilitates the comparison between different ex-
periments, as well as between measurements and theory.
Furthermore, since the acceptance distributions for the
polar and azimuthal decay angles can be very different
in different frames, checking whether quantities like K
are, as they should be, numerically independent of the
reference frame provides a nontrivial systematic test of
the experimental analyses.

6.5. LHCb

LHCb [1031] is a dedicated experiment for b-physics
at the LHC. Since b production is peaked in the forward
region at LHC energies, the LHCb detector has a for-
ward spectrometer geometry covering an angle between
15 mrad and 300 mrad with respect to the beam axis.
This corresponds to an 7 range between 2 and 5, which
will allow LHCDb to have a unique acceptance coverage
among the LHC experiments. Good vertex resolution
and particle identification over a wide momentum range
are key characteristics of LHCb. The trigger system re-
tains muons with moderate pr as well as purely hadronic
final states.

6.5.1. Charmonium physics

The J/v selection studies and in general all studies
presented here have been performed using the full LHCb
Monte Carlo simulation based on PYTHIA [1026], Evt-
Gen [1032], and GEANT4 [1033]. At the generation
level, color-octet J/v¢ production models in PYTHIA
have been tuned to reproduce the cross section and pr
spectrum observed at Tevatron energies [1025]. A full-
event reconstruction is applied to the simulated events
[1034]. J/4¢ candidates are selected using track and ver-
tex quality requirements, and also muon identification
information. Since the first-level trigger (L0) requires
at least one muon with a pr larger than 1 GeV/c, a
tighter selection is applied at reconstruction level to keep
only candidates formed with at least one muon with a pr
larger than 1.5 GeV/c. The J/v selection yields an ex-
pected number of reconstructed events equal to 3.2 x 10°
at /s =14 TeV, with S/B = 4, for an integrated lumi-
nosity equal to 5 pb~!. This number is obtained assum-
ing a J/4 production cross section equal to 290 ub. This
amount of data could be collected in a few days under
nominal LHC running conditions. The mass resolution
is 11.4 + 0.4 MeV.

One of the first goals of the LHCb experiment will be
to measure the differential J/1) cross section in bins of



pr and 71 in the range 0 < pr < 7 GeV/cand 2 < n < 5.
Both the prompt-J/¢ and the b — J/¥X production
cross sections will be accessible, thereby measuring the
total bb-production cross section. The two contributions
will be separated using a variable which approximates
the b-hadron proper time along the beam axis

dz x m(J/Y)

e

t= (192)

where dz is the distance between the J/¢ decay vertex
and the primary vertex of the event projected along the

beam (z) axis, pi/ ¥ is the signed projection of the J /v
momentum along the z axis, and m(J/vy) is the known
J/v mass. (Note that this is analogous to the ATLAS
pseudoproper time definition in Eq. (190), which uses the
transverse decay length and momentum instead of the
longitudinal component employed here.) The expected
distribution of the ¢ variable is shown in Fig. 101. The

distribution can be described by

e a prompt J/1) component produced at the primary
vertex of the event, represented by a Gaussian dis-
tribution to account for vertex resolution;

e an exponential J/¢¥ component coming from b-
hadron decays, convoluted with a Gaussian reso-
lution function;

e a combinatorial background component due to ran-
dom combinations of tracks coming from the pri-
mary vertex (the form of this component will be
extracted using events in the sidebands of the dilep-
ton mass distribution);

e a tail due to a wrong association of primary vertex
when computing the ¢ variable (the shape of this
component will be determined from data, associat-
ing the J/1 vertex with a different event’s primary
vertex).

A combined fit of the mass and ¢ distributions will ex-
tract the number of reconstructed J/¢ in each pr and
7 bin [1035]. The absolute cross section in each of the
bins will be obtained from this measured yield, efficien-
cies that will be computed from Monte Carlo simulations,
and integrated luminosity. The measurement uncertainty
will be dominated by systematic errors in the integrated
luminosity, the resolution model, and the reconstruction
and trigger efficiencies.

The unknown polarization at production of the J/4
will complicate the measurement. The acceptance of the
LHCD detector is not uniform as a function of the J/1
polarization angle, 0, defined as the angle between the
ut direction in the center-of-mass frame of the J/¢ and
the direction of the J/1 in the laboratory. Ignoring this
effect adds a 25% uncertainty to the cross section mea-
surement. Performing the measurement in bins of 6 will
allow determination of the J/1 production polarization.
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FIG. 101: Time distribution of J/v candidates obtained with
LHCb Monte Carlo simulation
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FIG. 102: Am distribution of y. candidates obtained with
LHCb Monte Carlo simulation

Measurements of the rates and polarization of the J /1),
and more generally of the charmonium and bottomonium
states, will be compared to predictions of different theo-
retical models.

Reconstruction of x.; and x. has also been stud-
ied [1034] using the decay modes xc12 — J/¢y. A
photon candidate reconstructed in the electromagnetic
calorimeter with pr > 500 MeV is associated with a J/1)
candidate. Figure 102 shows the Am = m(utu=v) —
m(ut ™) distribution obtained from a Monte Carlo sim-
ulation. A clear signal peak can be observed. The Am
resolution of 27 MeV is dominated by the uncertainty
in photon energy. Since the mass difference between x.1
and x.2 is known (55 MeV), imposing this constraint on
the analysis should allow separation of the y. and x.2
contributions.

A large number of ¢(25) mesons will also be collected
at LHCb. It is expected that the number of reconstructed



¥(28) — ptp~ decays will be equal to 2 to 4% of the
number of reconstructed J/v¢ — ptu~, with S/B be-
tween 1 and 2 [1036]. Because the masses of the J/¢ and
1(25) are close, trigger and reconstruction efficiencies for
the two states are similar. A measurement of

o(prompt J/1))
o (prompt ¢(25)) ’

where a number of systematic errors cancel, will be pos-
sible.

A large sample of X (3872) — J/ymTm~ decays will
be reconstructed at LHCD, either prompt X (3872), or
X (3872) from b-hadron decays. In particular, the decay
channel?? BT — X (3872)(— J/vp®) K+ will be studied
because an angular analysis of the decay products can
lead to the determination of the now-ambiguous quan-
tum numbers of the X (3872) (see Sect. 2.3.1), allowing
separation of the 1t+ and the 2=t hypotheses. 1850
reconstructed events are expected for 2fb~! of data at
Vs = 14TeV, with B/S between 0.3 and 3.4 [1037].
7(4430) will be sought in the decay B® — Z(4430)F K*,
with Z(4430)F — 4(2S)(— puTp~)7F. 6200 events are
expected with B/S between 2.7 and 5.3, for 2fb™" of
data at /s = 14 TeV [1037].

(193)

6.5.2. B. physics

The expected B cross section at the LHC is at the
level of 1 ub, so a very large number of B, will be pro-
duced and recorded at LHCb. (For the present status of
B. measurements, see Sects. 2.2.4 and 4.7.) First stud-
ies will use the reconstruction of the mode with a large
branching fraction B} — J/¢u*v, and most promising
results are expected using the clean Bf — J/yn™ decay
mode. But the large number of B produced will allow
a systematic study of the B, family at LHCb.

The selection of the decay channel B} — J/¢nt, with
J/v — pTp~ has been studied using full Monte Carlo
simulation of events reconstructed by the LHCb detec-
tor [1038-1040]. A specific generator, BCVEGPY [1041]
has been used to generate B, events. Since the B,
vertex is displaced with respect to the primary vertex,
impact parameter selections are imposed to the m and
J/¢ candidates. Particle identification, quality of track
and vertex fits, and minimum pr requirements are ap-
plied to B. candidates in order to reduce the large back-
ground due to other b-hadron decays with a J/v in the
final state. The total reconstruction efliciency is esti-
mated to be (1.01 + 0.02)%, with 1 < B/S < 2 at
90% CL. Assuming a B, production cross section of
o(Br) = 0.4 ub for /s = 14TeV and a branching frac-
tion B(Bf — J/¢rT) = 1.3 x 1073, 310 signal events
are expected with 1fb~! of data.

22 A charge-conjugate decay mode is implied in the rest of the text
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The potential of a mass measurement has been stud-
ied using an unbinned maximum likelihood method to
extract the BS mass from the reconstructed sample of
B} — J/¢nt candidates. Describing the invariant
mass distribution of the signal by a single Gaussian and
the combinatorial background by a first-order polyno-
mial, the fit procedure gives a Bl mass of m(B}) =
6399.6 +1.7 MeV, where the error is statistical only, con-
sistent with the input value of 6400 MeV. The size of
the sample used corresponds to the expected yield for
1fb~" of data. The result of the fit and the mass dis-
tribution are shown in Fig. 103. The mass resolution is
c=17.04+1.6 MeV.

The reconstructed BF candidates will also be used
to measure the lifetime of the Bf. A combined mass-
lifetime fit is performed. The proper-time distribution is
described by an exponential function convoluted with a
resolution function and multiplied by an acceptance func-
tion €(t) which describes the distortion of the proper-time
distribution due to the trigger and offline event selections
through impact parameter requirements. The form of
these functions is determined from the full Monte Carlo
simulation. Since the resolution of the impact parameter
depends on the transverse momentum of the tracks, the
proper-time acceptance function €(t) depends on the pp
distribution of the B, and then on the generation model
used for the B when determining ¢(¢). In order to eval-
uate the systematics associated with this effect, a fit was
performed on a B} sample generated with a pt spectrum
identical to the B spectrum observed in the simulation.
A bias of 0.023 ps is then observed in the lifetime deter-
mination. In order to reduce this bias, the lifetime fit is
performed simultaneously on two samples with different
pr ranges, b < pr < 12 GeV/c and pr > 12 GeV/ec.
The resulting bias is then reduced to 0.004 ps. The fit
procedure applied to a sample corresponding to 1fb~! of
data gives a B lifetime of 7(B}) = 0.438 & 0.027 ps,
where the error is statistical only, consistent with the
input value of 0.46 ps [1042].

LHCDb capabilities should allow comprehensive stud-
ies of many other aspects of B. physics [1043]. Spec-
troscopy of the B, excited states, both below and above
the m(BY) + m(D°) threshold will be performed. For
example, searches for B¥* — BFrt7~ have been envis-
aged [1044]. Searches for new decay modes of the B, will
also be made, e.g., modes with a weak decay of the ¢
quark, such as B} — Bo7t or those with a bc annihila-
tion [1045], such as Bf — K*°K+.

6.5.3. Bottomonium physics

Analyses of bottomonium in LHCb have begun. First
results show that the reconstruction of Y(15) — u*u~
is possible with a mass resolution of 37 MeV. Other YT
states will also be observed in the detector. Using these
candidates, measurements of the production cross section
and of the production polarization will be performed as
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a function of pr and 7. Similarly, the decays xp1,2 — T
are also possible to reconstruct in the LHCb detector, due
to low-pr-photon reconstruction provided by the electro-
magnetic calorimeter [1034]. In addition, the equivalent
for the b family of the exotic X, Y, and Z states (see
Sect. 2.3) will be sought at LHCb, for example, in the
decay mode Y, — Y(1S)rT 7~ (for status of the Y}, see
Sects. 2.3.2 and 3.3.11).

6.6. RHIC

The Relativistic Heavy-Ion Collider, RHIC, provides
d+Au, Aut+Au, and Cu+Cu collisions at /s, =
200 GeV, and polarized pp collisions at both 200 and
500 GeV. Polarized pp collisions are used for spin stud-
ies, with those from 200 GeV serving as reference data
for the heavy-ion program. The d+Au collisions are used
for studies of forward physics and to establish the cold
nuclear matter baseline for heavy-ion collisions. The pri-
mary focus of the heavy-ion program is to quantify the
differences between the hot, dense final state and scaled
pp and d+Au reference data.

In 200 GeV pp collisions, PHENIX [663, 979] has mea-
sured cross sections for production of the (unresolved) T
states and the (2S5). A x.; measurement will be pub-
lished soon. There is also a preliminary PHENIX [975] re-
sult showing that the T R4, defined in Eq. (184)), mea-
sured in Au+Au collisions is below 0.64 at 90% CL. All
of these measurements involve low yields and will benefit
greatly from additional luminosity. PHENIX [976] has
also measured the polarization of the J/ in 200 GeV pp
collisions and will also do so with existing 500 GeV data.

So far, the high-statistics heavy quarkonium data avail-
able from RHIC are the J/¢ data sets measured by
PHENIX in /5, = 200 GeV pp [976], d+Au [663, 883],
Cu+Cu [977], and Au+Au [983] collisions. The data were
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measured in three rapidity ranges: —2.2 < y < —1.2;
—0.5 <y < 0.5; and 1.2 < y < 2.2. There are also
more recent data sets with much higher yields in d4+Au
(2008) and Au+Au (2007 and 2010) that are still being
analyzed. While preliminary J/¢¥ Rcp (see Eq. (185))
results were presented by PHENIX [663] at Quark Mat-
ter 2009, the final data have not yet been released. Sec-
tion 5.5 reviews the status of the J/v¢ program at RHIC.

STAR [1046] has measured .J/-hadron azimuthal an-
gular correlations which have been used to infer the B-
meson feeddown contribution to the J/1. STAR has also
measured Rgay for the combined T states using 2008
d+Au [981] data and 2006 pp [980] data, and made mea-
surements of the high pr J/1 suppression factor, Raa,
from Cu+Cu [664] collisions.

The ongoing RHIC luminosity upgrades will be com-
pleted by the 2013 run. The introduction in 2011 and
2012 of silicon vertex detectors into PHENIX at mid- and
forward-rapidity, respectively, and of the STAR Heavy
Flavor Tracker in 2014, will enable open charm and open
bottom to be measured independently with greatly im-
proved precision. The detector upgrades will also allow
improved measurements of quarkonium states due to im-
proved mass resolution and background rejection.

The RHIC run plan for the next 5 years or so will be
centered on exploiting the capabilities of the new silicon
vertex detectors and other upgrades, combined with the
increased RHIC luminosity. Of greatest interest to in-
medium heavy flavor physics, there will likely be long
pp, d+Au, and Au+Au runs at 200 GeV, plus shorter
runs with the same species at 62 GeV to explore the en-
ergy dependence of open and hidden heavy flavor produc-
tion. The luminosity increase and the PHENIX detector
upgrades will enhance the PHENIX heavy quarkonium
program in several ways: increased pr reach for the J/1);
new studies of .J/v¢ suppression with respect to the re-
action plane; a first J/t¢ vy measurement; better under-
standing of cold nuclear matter effects on J/¢ produc-
tion; and low-statistics measurements of the modification
of the combined Y states. The increased luminosity will
enable the large-acceptance STAR detector to extend its
pr reach to considerably higher values for T and J/v
measurements than previously possible.

The RHIC schedule for the period beyond about 5
years is still under development. RHIC experiments are
presently engaged in preparing a decadal plan that will
lay out their proposed science goals and detector up-
grades for 2011 to 2020. PHENIX is considering a con-
ceptual plan that would keep the new silicon vertex de-
tectors but completely replace the central magnet and
the outer central arm detectors. The new magnet would
be a 2T solenoid with an inner radius of 70 cm. Two
new silicon tracking layers would be placed inside the
solenoid at 40 and 60 cm, followed by a compact elec-
tromagnetic calorimeter of 8 cm depth and a preshower
layer. A hadronic calorimeter would be added outside
the magnet with an acceptance of |n| < 1 and 27 in az-
imuth. The conceptual design is still being evaluated, but



it promises to allow powerful measurements of light quark
and gluon jets; dijets and y+jet coincidences; charm and
bottom jets; the J/v modification factor over a range
of energies; simultaneous studies of the modification of
the three bound T states; and direct v* flow. Removing
the south muon spectrometer and replacing it with an
electron/photon endcap spectrometer has also been dis-
cussed. This replacement would be aimed at addressing
spin physics questions and possibly providing electron-
ion capabilities in PHENIX. The north muon spectrom-
eter would be retained to provide forward rapidity heavy
flavor measurements.

In addition to the Heavy Flavor Tracker, STAR will
add a new detector that is of major importance to their
quarkonium program. The Muon Telescope Detector will
be a large acceptance muon detector located outside the
STAR magnet at midrapidity, covering |y| < 0.5. It will
provide a good signal-to-background ratio for measure-
ments of the three T(nS) states and add the capabil-
ity of measuring J/¢ elliptic flow and suppression at
high pr. The upgrades being pursued by PHENIX and
STAR, combined with very high RHIC luminosity, will
provide the opportunity to compare, between RHIC and
the LHC, in-medium quarkonium modification at ener-
gies of 62, 200, and 5500 GeV. This energy regime spans
a wide range of medium temperatures and lifetimes, and
also provides measurements with very different underly-
ing heavy quark rapidity densities and thus very different
contributions to quarkonia from processes involving coa-
lescence of heavy quarks from different hard collisions.

6.7. Super Flavor Factories

At eTe™ machines, quarkonium can be produced
through several processes: directly, i.e., during energy
scans for JP¢ = 17~ states in the ¢ and bb regions;
through ISR (for J¥¢ = 17~ states below the ete~
center-of-mass energy) or two-photon (for C' = 41 states)
processes; in B-meson decays through color-suppressed
b — c transitions. All these have been successfully
employed for quarkonium studies in the CLEO, BABAR,
Belle, and/or BESIII experiments, the first two of which
permanently ceased taking data in early 2008. Belle ac-
quired data until the middle of 2010, and then shut down
for a significant upgrade. CLEO-c collected 48 pb!
at the 1 (2S5) (about 27 million (2S) produced) and
1485 pb~ ! in the CM energy range 3.67 — 4.26 GeV; BE-
SIIT has already quadrupled the CLEO-c ¥(2S5) sam-
ple, acquired 200M J/v decays, and will, in time, ex-
ceed the CLEO-c samples above open-charm threshold as
well (Sect. 6.1). What will happen to ete™ quarkonium
physics after BESIII and Belle programs are complete?

A new generation of Super Flavor Factories has re-
cently been proposed in order to perform precision mea-
surements in the flavor sector and complement New
Physics (NP) searches at hadronic machines [1047, 1048].
An increase in statistics by a factor of 50-100 with respect
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to the current generation of still-running experiments is
essential to such physics program.

Two different approaches have been devised to reach
a design peak luminosity of 1036 cm~2s~!. In the origi-
nal SuperKEKB [1047] design this was to be achieved by
increasing the beam currents, and introducing crab cross-
ing to maintain large beam-beam parameters [1049]. In
the SuperB design [1048] a similar luminosity goal is pur-
sued through the reduction of the interaction point size
using very small emittance beams, and with a “crab” of
the focal plane to compensate for a large crossing angle
and mantain optimal collisions [1050]. After KEK re-
vised their design in favor of the nanobeam collision op-
tion [1050], the machine parameters for the SuperB fac-
tory and the KEKB upgrade are very similar [1048, 1049].

An NP-oriented program suggests that the machine be
operated primarily at the Y(4S) resonance [1051], with
integrated luminosity of order 25—75ab ™. However, the
ability to run at other T resonances or at energies in the
cc region would substantially enhance the physics poten-
tial of the machine. In one month at design luminosities
it would be possible to collect about 150 fb~! at DD
threshold [1048]. In about the same time, an T(55) run
would integrate about 1ab™!, corresponding to a “short
run” scenario. In a “long run” scenario at Y (55), about
30ab~! could be collected [1048].

The detector design will primarily address the require-
ments of an NP search program at the Y(45). Other
constraints are posed by the possibility to re-use compo-
nents from the BABAR and Belle detectors. Improvements
in the vertex resolution, to compensate a reduced beam
asymmetry, as well as increased hermeticity of the de-
tector are foreseen. Assuming the same magnetic field, a
similar momentum resolution is expected. In a simplified
approach, one can assume similar backgrounds and de-
tector performances as at BABAR [1052] and Belle [1053].

A heavy-quarkonium to-do list in a Super Flavor Fac-
tory physics program can be found in the Spectroscopy
(Sect. 2), Decays (Sect. 3), and Summary (Sect. 7) sec-
tions of this review. Precision measurements or simply
observation of some conventional, expected processes is
warranted; the as-yet-unexplained phenomena also de-
mand attention and offer great reward. Highlights of
such a program would include the following:

e Precision measurements of 7.(15) and 7.(25)
masses and widths (probably in ~y~y-fusion), under-
standing of their observed lineshapes in radiative
J/¢ and ¥ (2S5) decays, and a comprehensive in-
ventory of radiative and hadronic decay modes and
respective branching fractions (Sects. 2.2.2, 3.1.2
and Table 4).

e First observation and study of 1,(25), hy(* P1), and
Y(13Dy) (J =1, 3) (Sect. 2.2.7 and Tables 4 and
8).

e For X (3872) (see Sect. 2.3.1 and Tables 9, 10, 11,
12, and 13 ), detailed study of the 77~ J/+ and



D*0D0 lineshapes, high-statistics measurements of
~vJ/1¢ and y9(2S) branching fractions, and a search
for decay to w°7%J/+). The fruit of such an effort
could be an answer to how much tetraquark, molec-
ular, and/or conventional charmonium content this
state contains.

e For the Y (4260) and nearby states (see Sect. 2.3.2
and Tables 9, 14, 15, and 16), a comprehensive
lineshape measurement accompanied by precision
branching fractions could shed light on the molec-
ular, tetraquark, or hybrid hypotheses.

e Confirmation and study of the exotic charged ZT
states (Sect. 2.3.4 and Table 9).

e Confirmation and study of the Y; (Sect. 2.3.2 and
Table 9). A high-statistics scan of 20 b~ per
point, necessary to reduce the relative error to the
1073 level, might be needed [1054]. If the Y} is be-
low 10800 MeV, it could also be produced by ISR
with Y(55) data collected by a Super B-factory. If
it is above that energy, a direct scan will be neces-
sary.

6.8. PANDA

PANDA is one of the major projects at the future Fa-
cility for Antiproton and Ion Research (FAIR) [1055] at
GSI in Darmstadt, which is expected to start its opera-
tions in 2014. PANDA will use the antiprotons circulating
in the High Energy Storage Ring (HESR), to study their
interactions with protons or nuclei on a fixed target. The
antiproton momentum in the range 1.5 to 15 GeV/c cor-
responds to a center-of-mass energy in pp collisions in
the range 2.5 — 5.5 GeV. The purpose of the PANDA
experiment is to investigate QCD in the nonperturbative
regime. This is achieved through the study of several
topics, like QCD bound states, nonperturbative QCD
dynamics, study of hadrons in nuclear matter, hypernu-
clear physics, electromagnetic processes, and electroweak
physics. In particular, PANDA has an extensive research
program in charmonium physics. Experimentally, char-
monium has been studied mainly in ete™ and pp exper-
iments. While in ete™ collisions, only the JF¢ = 17~
states can be directly formed, in pp interactions, direct
formation is possible for all the states with different quan-
tum numbers, through coherent annihilation of the three
quarks of the protons with the three antiquarks of the
antiproton. An additional advantage of this technique is
that the interaction energy can be precisely determined
from the beam parameters and it is not limited by the
detector resolution, allowing fine energy scans of narrow
resonances. Historically, this experimental technique was
successfully used at CERN and at Fermilab. With a
higher luminosity and a better beam energy resolution
with respect to previous pp experiments, PANDA will be
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able to obtain high-precision data on charmonia and mea-
sure the masses, widths, and excitation curves for the
recently observed states with unprecedented precision.

6.8.1. Experimental technique

Quarkonium physics is one of the main research fields
for PANDA. The precision study of resonance parameters
and excitation curves is an area where the close interplay
between machine and detector is fundamental. For the
PANDA charmonium program, the antiproton beam col-
lides with a fixed hydrogen target. In order to achieve the
design luminosity (2x1032 cm~2 s71), a high-density tar-
get thickness is needed. Two solutions are under study:
the cluster-jet target and the pellet target, with different
implications for the beam quality and the definition of
the interaction point.

Thanks to the cooling of the antiproton beam, at the
HESR the energy spread of the beam will be approxi-
mately 30keV, which is comparable with the width of
the narrowest charmonia states. The knowledge of the
total interaction energy from the beam parameters and
the narrowness of the beam energy distribution allow the
direct measurement of the mass and the width of narrow
states through scans of the excitation curve.

The resonance parameters are determined from a
maximum-likelihood fit to the number of observed events
in a specific channel N;, where the subscript i refers to
different center-of-mass energies:

Ni = Eiﬁ/UBw(E/)BZ‘(E/)dE/ (194)
where opy is the Breit-Wigner resonance cross section
to be measured and B; is the center-of-mass energy dis-
tribution from beam parameters.

The energy scan of a resonance is schematically repre-
sented in Fig. 104: the energy of the interaction, shown
on the horizontal axis, is obtained from the beam param-
eters, and is varied in the energy region to be explored.
The detector is used as a simple event counter and the
cross section values (vertical axis) can be obtained from
the number of events observed at each energy point. Us-
ing Eq. (194), it is then possible to determine the res-
onance parameters. By means of fine scans it will be
possible to measure masses with accuracies of the order
of 100 keV and widths at the 10% level. The entire re-
gion below and above the open charm threshold (from
2.5 GeV to 5.5 GeV in the center-of-mass energy) will be
explored.

As described above, antiproton-proton formation will
become an important tool for decisive studies of the nat-
ural widths and lineshapes of open and hidden charm
states. It will also have a powerful role in measuring de-
cay modes of very narrow states. Unfortunately, charm
production cross sections in proton-antiproton annihi-
lation in this energy regime are either unknown or, at
best, poorly measured. Thus predictions for sensitivities
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are not reliable. In order to provide experimental input
to event generators, and thereby allow credible sensiv-
ity studies, it would be worthwhile to measure inclusive
open charm production at the existing antiproton facil-
ity at Fermilab with a relatively simple and small test
apparatus equipped with a microvertex detector and a
tracking device. Such an experiment would likely require
less than a month of datataking to acquire a sufficient
statistics.

6.8.2. Detector

The PANDA detector is a multipurpose detector, de-
signed to obtain the highest possible acceptance, good
tracking resolution, particle identification and calorime-
try. It is composed of two parts: a target spectrome-
ter with an axial field generated by a superconducting
solenoid for the measurement of the particles emitted at
large angles with respect to the beam direction, and a
forward spectrometer with a dipole magnet in the for-
ward direction for the measurement of the particles leav-
ing the interaction region at small angles with respect to
the beam.

The target spectrometer is arranged in a barrel part,
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for angles larger than 22°, and an endcap part, cover-
ing the forward region down to 5° in the vertical plane
and 10° in the horizontal plane. A silicon tracker is lo-
cated close to the interaction region. It is composed of
two inner layers of hybrid pixel detectors and two outer
layers with silicon strip detectors, with cylindrical sym-
metry around the beam pipe. In addition, six silicon
discs with both pixel and strip modules are located in
the forward direction. The tracking system (solutions
with straw tubes detector or TPC are under study) is
required to provide momentum measurement with reso-
lution ép/p at the percent level, handling the high par-
ticle fluxes that are foreseen at the maximum luminos-
ity. In the forward part of the target spectrometer, par-
ticles exiting the interaction region at polar angles be-
low 22° are tracked with 3 GEM detectors placed down-
stream. Charged particle identification is obtained by
collecting complementary information from different de-
tectors. Most charged particles with momentum exceed-
ing 0.8 GeV/c are identified using a Cherenkov detec-
tor. A detector of internally-reflected Cherenkov light
based on the BABAR design [1056] will provide particle
identification in the region 22° to 140°. Time-of-flight
will be also used in PANDA for the identification of low-
momentum particles. To obtain muon-pion separation,
the yoke of the superconducting solenoid is segmented in
12 layers and the gaps are instrumented for the measure-
ment of the interaction length in iron. Electromagnetic
calorimetry is required over a wide energy range, from
the MeV to the GeV scale. A lead-tungstate (PbWOy)
calorimeter, with crystal length corresponding to 22X,
will measure energy with a resolution better than 2% at
2 GeV and good time resolution.

A dipole magnet with 1 m gap and 2 m aperture is lo-
cated between the target and the forward spectrometer.
The measurement of the deflection of charged tracks is
obtained by using a set of wire chambers placed before,
within, and behind the dipole magnet. The expected
dp/p ~ 3% for 3 GeV/c protons is limited by the scat-
tering on gas and wires in the chambers. In the forward
spectrometer, RICH or time-of-flight detectors are pro-
posed as particle identification systems. Electromagnetic
calorimetry in the forward region will be performed by a
shashlyk-type calorimeter with high resolution and effi-
ciency. An energy resolution of 4%/ VE is foreseen. In
the very forward part, a muon detector similar to the
one employed in the target region will provide muon-pion
separation.

6.8.3. Charmonium and open charm physics

The study of charmonium and open charm are among
the main topics in the PANDA physics program. Com-
pared to Fermilab E760/E835, a multipurpose detector
with magnetic field, PANDA has better momentum res-
olution and higher machine luminosity, which will allow
the realization of an extensive research program in these



fields.

The existence of a large hadronic background in pp
annihilation represents a challenge for the study of many
final states and the capability of observing a particular
final state depends on the signal-to-background ratio af-
ter the selection. A full detector simulation has been
developed and used to test the separation of signal from
background sources, with cross sections that are orders
of magnitude larger than the channels of interest, and to
prove the capability of background reduction at the level
needed to perform charmonium studies in PANDA. Here
we will summarize the results, which appear in more de-
tail in the PANDA Physics Performance Report [1057], of
using the full simulation on some channels of interest. In
all the following cases, a simple selection is adopted for
the channel of interest: particles are reconstructed start-
ing from detected tracks, using associated PID criteria,
and a kinematic constraint to the energy and momentum
of the beam is imposed in order to improve on detector
resolutions.

The identification of charmonium states decaying into
J /1 is relatively clean due to the presence of a pair of lep-
tons £1£~ in the final state. These channels can be used
to study decays from ¥(25), x.s, X(3872), and Y (4260)
that contain a J/1 in the final state. These analyses rely
on the positive identification of the two leptons in the
final state for the reconstruction of J/¢» — ¢t¢~, where
the main background is represented by pairs of tracks,
like 77—, associated with large energy deposition in the
electromagnetic calorimeter. The simulation shows that
the resolution of the eTe™ invariant mass for a recon-
structed J/1 in the final state is in the range 4 — 8 MeV,
depending on the total center-of-mass energy of the in-
teraction.

The J/vnTn~ final state is a key decay channel in
charmonium studies. New states in the charmonia mass
region, like the X (3872) and the Y (4260), have been dis-
covered at the B-factories through this decay mode (see
Sect. 2.3). The PANDA performance on J/¢nt7~ has
been analyzed in detail through a complete simulation of
this final state in the detector. A simple selection has
been performed: adding two charged pions to a recon-
structed J/v and performing a kinematic fit with vertex
constraint, the efficiency of the complete selection is ap-
proximately 30% over the energy region of interest (3.5
to 5.0 GeV). The main source of hadronic background
for this channel comes from pp — 777~ 77—, where two
pions may be erroneously identified as electrons and con-
taminate the signal. At a center-of-mass energy around
4.26 GeV, the cross section for this process is a few tens
of ub [1058], which is 10° times larger than the expected
signal, estimated from previous results of Fermilab E835.
With the selection described, the rejection power for this
background source is of the order of 10% and the signal-
to-background ratio is about 2, which should provide
well-identified and relatively clean J/¢r "7~ final states
in PANDA.

The discovery mode (see Sect. 2.2.1) for h.(1P) is
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the electromagnetic transition to the ground state char-
monia h.(1P) — n.(15)y, where the 7.(15) can then
be detected through many decay modes. The decay
1:(1S) — ~v is characterized by a reasonably clean sig-
nature, due to the presence of two energetic photons in
the detector with the 7.(1S) mass, albeit with a small
branching fraction (see Sect. 3.2.5). A study has been
performed to assess the PANDA capability to detect the
he(1P) — n.(1S)y — 3v decay, in presence of back-
ground sources due to final states such as pp — 770,
7%, and nn. Each presents hard photons in the final
state and no charged tracks, a signature that could mimic
the channel of interest. (See Sect. 2.2.1 for a description
of a previous pp — h.(1P) — y1.(25) — 37 analysis and
Sect. 3.2.3 for a description of a J/¢¥ — 37 observation
in ¥(25) — 77~ J/¢ decays.) In order to improve the
background rejection, additional cuts are applied after
the event reconstruction:

e a cut on the center-of-mass energy of the energy of
the v coming from the radiative transition: 0.4 <
E, <0.6 GeV;

e an angular cut | cosfcps| < 0.6 allows rejection of
a large fraction of backgrounds (like 7%7°) that are
strongly peaked in the forward direction;

e to suppress 1’ decays, the invariant mass of the
radiative v paired with either photon coming from
the decay of the 7.(15) candidate is required to be
larger than 1 GeV.

After these cuts, the efficiency on the signal is about 8%
and the background suppression of the order of 1076 or
larger on many background channels. The production
cross section observed by E835 [48], although with large
uncertainties, can be combined with the present back-
ground suppression, to obtain an estimate of the order of
90 or more for the signal-to-background ratio.

As a benchmark channel of hadronic decays, we con-
sider h.(1P) — n.(18)y — ¢¢y, with ¢ — KTK™.
Three reactions are considered to be dominant contri-
butions to the background: pp — KTK - K+tK n0°,
pp = ¢KTK 7Y and pp — ¢¢n°, with one pho-
ton from the 7% undetected. To suppress such back-
ground, it is additionally required that no 7° candi-
dates (photon pair with invariant mass in the 0.115-
0.150 GeV region) be present in the event. The overall
efficiency for signal events is ~ 25%. Since no experi-
mental data is available for the three background cross
sections, the only way to estimate the background con-
tribution is to use the dual parton model (DPM); none
out of 2 x 107 simulated events pass the selection. The
three main background channels have been also simu-
lated separately. With a total pp cross section of 60 mb,
we estimate that o(pp — KTK~-KTK~-7°) = 345 nb,
o(pp — ¢K+TK~7") = 60 nb, and o(pp — ¢pp’) = 3 nb.
Using these values, a signal-to-background ratio of > 8
for each of the background channels is obtained. Using



these signal-to-background values, it is possible to esti-
mate the PANDA sensitivity in the h.(1P) width mea-
surement. A few scans of the h.(1P) have been sim-
ulated for different values of I'(h.(1P)). The expected
shape of the measured cross section is obtained from the
convolution of the Breit-Wigner resonance curve with the
normalised beam energy distribution plus a background
term. The simulated h.(1P) resonance shape for the case
T'(h.(1P)) = 0.5 MeV, assuming 5 days of data taking
per point in high-resolution mode, is shown in Fig. 105.
The accuracy on the width measurement is of the order of
0.2 MeV for I'(h.(1P)) values in the range 0.5—1.0 MeV.

The ability to study charmonium states above DD
threshold is important for the major part of the PANDA
physics program, in topics like the study of open charm
spectroscopy, the search for hybrids, and CP violation
studies. The study of pp — DD as a benchmark channel
will also assess the capability to separate a hadronic de-
cay channel from a large source of hadronic background.
Two benchmark channels are studied in detail:

e pp — DTD™ (with DT — K~ntzT)
e pp — D*TD*~ (with D** — D%+ D° — K—n™)

The first one is simulated at the ¢(3770) and the second
at the 1(4040) mass energies. We assume a conserva-
tive estimate for the charmonium production cross sec-
tion above the open-charm threshold, on the order of 3 nb
for DY D~ and 0.9 nb for D** D*~ production. The back-
ground is simulated using the DPM to produce inelastic
reaction in pp annihilations. A background suppression
of the order of 107 is achieved with the previous selec-
tion. A detailed study of specific background reactions
is also performed. In particular, nonresonant production
of K*K~2r%7271~ has a cross section which is 105 times
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FIG. 105: Simulation of the scan of the h.(1P) (with

T'(he(1P)) = 0.5 MeV) for the measurement of the resonance
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larger than the DT D™ signal. A cut on the longitudi-
nal and transverse momentum of the D¥ can reduce the
background by a factor ~26, and the remaining events
leave a nonpeaking background in the loose mass re-
gion defined in the preselection. The reconstructed decay
vertex location will further improve the background re-
jection, reaching a signal-to-background ratio near unity
with an efficiency for signal events of ~ 8%. Under these
assumptions, a conservative estimate of the number of
reconstructed events per year of PANDA operation is of
the order of 10* and 103 for D*D~ and D**D*~, re-
spectively.

Performing fine energy scans, PANDA will be able to
observe the energy dependence of a cross section in prox-
imity to a threshold. Here we report the result obtained
in the simulation of pp — DT D?,(2317)F, to test the
sensitivity to resonance parameters measurements with
this technique. The assumptions used in this study are:

a 12-point scan in a 4 MeV-wide region;

14 days of data with a total integrated luminosity
of 9 pb~!/day;

a signal-to-background ratio of 1:3;
e 1 MeV total width for the D%,(2317).

The results of a fit to the scan simulation are presented in
Fig. 106, where the mass and the width of the D¥,(2317)
are free parameters. The study yields the results:

m = 2317.41 £0.53 MeV,
I 1.16 £ 0.30 MeV,

(195)

to be compared with the input values of the simulation:
m = 2317.30 MeV and I' = 1.00 MeV, demonstrating
that such a scan would yield accurate values of mass and
width with the precisions shown.

In conventional charmonia, the quantum numbers are
derived directly from the excitation of the c¢¢ pair. The
glue tube adds degrees of freedom that manifest them-
selves in unconventional quantum numbers; in the sim-
plest ccg scenario this corresponds to the addition of a
single gluon quantum number (J¢ = 1~ or 17 for color-
electric or color-magnetic excitation). This would result
in charmonium hybrids with non-exotic and exotic quan-
tum numbers which are expected in the 3-5 GeV mass
region. Here we will sketch out the strategy for hybrids
studies in PANDA, with more details available in [1057].
Formation experiments would generate non-exotic char-
monium hybrids with high cross sections while produc-
tion experiments would yield a hybrid together with an-
other particle like 7 or 7. In PANDA both processes
are possible; the strategy would be to start searching for
hybrids in production processes, fixing the pp center-of-
mass energy at the highest possible value (1/s ~ 5.5 GeV)
and studying all the production channels. Then hybrid
formation could be studied through energy scans over
the regions where possible signals have been observed in
production measurements.
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Aside from the benchmark channels used for the detec-
tion of conventional charmonia, hybrids can be identified
through reactions like:

® PP — 7c0,1,21 — Xe1ToT0n;
® pp — heo,1,2m — Xe1mOm0n;

o pp— Y1 — J/hwn;

® pp — [1100,1,2, Peo,1,2, Xe1) = DD*n;

namely final states with charmonia accompanied by light
hadrons or final states with a DD* pair. As a case study,
we will present the results obtained for the benchmark
channel pp = N1 = Xe1m7%n. It can be assumed that
the pp — 7M.1n production cross section is of the same
order of pp — ¥(25)n, which is estimated to be 33 +
8 pb [1059]. As possible sources of background, several
reactions with similar topology have been considered:

e pp — Xco(1P) 707%;

e pp = Xe1 (1P) w0nn;

o pp — Xeo(1P) w0707 0n;

o pp — J /Y 0070,
A simple analysis is carried out. Two photons are ac-
cepted as 7 or n candidates if their invariant mass is
in the range 115 — 150 MeV or 470 — 610 MeV, re-
spectively. The x.; is formed adding a radiative pho-
ton to a J/¢ candidate, with total invariant mass within
3.3-3.7 GeV. From these, x.17°7’n candidates are cre-
ated and kinematically fit to the original beam energy-
momentum, with an additional constraint for the J/t
mass. Additional cuts on the kinematic fit CL and on
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the invariant masses of the intermediate decay products
are applied, obtaining a total efficiency around 7% for
this channel. The 7.; peak reconstructed in this way
has a FWHM of 30 MeV. The background suppression
is estimated applying the same analysis to background
events. The results are summarized in Table 49.

The J/¢ N dissociation cross section is as yet exper-
imentally unknown, except for indirect information de-
duced from high-energy J/v production from nuclear
targets. Apart from being a quantity of its own inter-
est, this cross section is closely related to the attempt
of identifying quark-gluon plasma (QGP) formation in
ultra-relativistic nucleus-nucleus collisions: the interpre-
tation of the J/i¢ suppression observed at the CERN
SPS [966, 968, 1060] as a signal for QGP formation re-
lies on the knowledge of the "normal” suppression ef-
fect due to J/v dissociation in a hadronic environment.
Nuclear J/v absorption can only be deduced from mod-
els, since the available data do not cover the kinematic
regime relevant for the interpretation of the SPS results.
In antiproton-nucleus collisions the J/¢ N dissociation
cross section can be determined for momenta around
4 GeV/c with very little model dependence. The de-
termination of the J/¢ N dissociation cross section is
in principle straightforward: the J/v production cross
section is measured for different target nuclei of mass
number ranging from light (d) to heavy (Xe or Au) by
scanning the p momentum across the J/v¢ yield profile
whose width is essentially given by the known internal
target-nucleon momentum distribution. The J/1 is iden-
tified by its decay to ete™ or u™p~. The attenuation of
the J/v yield per effective target proton is a direct mea-
sure of the J/¢ N dissociation cross section, which can
be deduced by a Glauber-type analysis. These studies
may be extended to higher charmonium states like the
1(25), which would allow determination of the cross sec-
tion for the inelastic process ¥(2S) N — J/¢ N, which is
also relevant for the interpretation of the ultrarelativistic
heavy-ion data. The benchmark channel studied in this
context is the reaction:

p0Ca — J/YX —ete X . (196)

The cross section for this process is estimated to be nine
orders of magnitude smaller than the total antiproton-
nucleus cross section. The results of the simulations show
that it is possible to identify the channel of interest with
good efficiency and acceptable signal-to-background ra-

TABLE 49: Background suppression (n) for the individual
background reactions

Background channel Suppression (10%)

Xeo(1P) 707°n 5.3
Xe1 (LP) 26
Xco(1P) wOm07m0n > 80
J/p w0070 10




tio [1057].

6.9. CBM at FAIR

The Compressed Baryonic Matter (CBM) experi-
ment will be one of the major scientific activities at
FAIR [1055]. The goal of the CBM research program
is to explore the QCD phase diagram in the region of
high baryon densities using high-energy nucleus-nucleus
collisions. This includes a study of the equation-of-state
of nuclear matter at high densities, and a search for the
deconfinement and chiral phase transitions. The CBM
research program comprises a comprehensive scan of ob-
servables, beam energies, and collision systems. The
observables include low mass dileptons, charmonia and
open charm, but also collective flow of rare and bulk par-
ticles, correlations and fluctuations.

Particles with open and hidden charm are expected to
provide valuable information about the conditions inside
the dense fireball. For example, the excitation function
of the charm particle ratios such as the ¥(25)/(J/¢) ra-
tio and the (J/v¢)/D ratio may vary when passing the
deconfinement phase transition. In addition, the initial
pressure of the partonic phase influences the elliptic flow
of charmonium. The transport properties of open charm
mesons in dense matter, which depend on the interac-
tion with the medium and hence on the structure of the
medium, can be studied via the yield, the elliptic flow,
and the momentum distributions of charmed particles.
In a baryon-dominated medium, these observables are
expected to differ for D and D mesons.

The experimental goal is to measure these rare probes
with unprecedented precision. In order to compensate for
the low yields, the measurements will be performed at ex-
ceptionally high reaction rates (up to 10 MHz for certain
observables). These conditions require the development
of ultrafast and extremely radiation-hard detectors and
electronics. A particular challenge for the detectors, the
front-end electronics, and the data-acquisition system is
the online selection of displaced vertices with the extraor-
dinarily high speed and precision needed for open-charm
measurements.

A schematic view of the proposed CBM experimen-
tal facility is shown in Fig. 107. The core of the setup
is a Silicon Tracking and Vertexing System located in-
side a large aperture dipole magnet. The vertex de-
tector consists of 2 stations of Monolithic Active Pixel
Sensors, and the tracker comprises 8 stations of double-
sided microstrip sensors. Particle identification will be
performed using the momentum information from the
silicon tracker and the time-of-flight measured with a
large area Resistive Plate Chamber (RPC) wall. Fig-
ure 107(a) depicts the setup with the Ring Imaging
Cherenkov (RICH) detector for the identification of elec-
trons from low-mass vector-meson decays. The Transi-
tion Radiation Detector (TRD) will provide charged par-
ticle tracking and the identification of high-energy elec-
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trons and positrons. The Electromagnetic Calorimeter
(ECAL) will be used for the identification of electrons
and photons. The muon detection/hadron absorber sys-
tem is shown in Fig. 107(b). It consists of 5 double-
or triple-stations of highly-granulated gaseous micropat-
tern chambers, e.g., Gas-Electron Multiplier (GEM) de-
tectors, sandwiched by iron plates with a total thickness
equivalent to 13 absorption lengths. The status of detec-
tor R&D and recent results of detailed simulations are
documented in [1061]. The CBM collaboration consists
of more than 450 scientists from 55 institutions and 14
countries.

6.10. Tau-charm factory in Novosibirsk

A tau-charm factory can address various issues con-
cerning 7-leptons, charmonia, open-charm particles, and
light-quark spectroscopy in a unique manner. Indeed,
the B-factories have inadequate sensitivity for some of
these physics topics, leaving a tau-charm factory as the
only practical avenue for substantial progress. A next-
generation tau-charm factory is now under consideration
in Novosibirsk. A novel approach of the Crab Waist col-
lision scheme [1050, 1062] allows reaching luminosity of
(1-2) x 103> em~2s~ 1. Suggested priorities include
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FIG. 107: The CBM experimental facility with (a) the RICH
and TRD electron detectors, or (b) the muon detection system



e DD mixing;
e search for CP violation in charm decays;

e study of rare and forbidden decays of open charm
mesons;

e high-precision study of regular charmonia and
charmonium-like states;

e tests of the Standard Model in 7-lepton decays;
e search for lepton flavor violation;
e search for CP/T violation in T-lepton decays;

e extensive study of light-quark (u, d, s) states be-
tween 1 and 3 GeV using ISR;

e production of polarized antinucleons.

This experimental program would be carried out at a
facility with the following basic features [1063]:

e collision energy varying from 2-5 GeV;

e luminosity of ~5x103* cm~2s~! at 2 GeV and more
than 10%° cm™2s~! at the 7-production threshold;

e a longitudinally polarized electron beam at the in-
teraction point (IP) extending the experimental
possibilities of the facility;

e extensive use of superconducting wigglers allowing
control of damping parameters and tuning for op-
timal luminosity in the whole energy range;

e eTe™ center-of-mass energy calibration with rela-
tive accuracy of ~ 5 x 107%, achieved with the
Compton backscattering technique.

The planned factory has separate rings for electrons and
positrons and one interaction region. Each ring features
~800m circumference and a racetrack shape, with two
arcs and two long (~100m) straight sections to accom-
modate the injection and radio-frequency (RF) equip-
ment for the machine and the interaction region for the
experiment. The injection facility includes a full-energy
(2.5 GeV) linear accelerator equipped with the polarized-
electron source and a positron complex with a 500 MeV
linac, converter, and accumulating ring. The injection fa-
cility operates at 50 Hz and can produce > 10'! positrons
per second. High luminosity is provided by the Crab
Waist collision approach, which assumes the beam in-
tersection at large Piwinski angle and local focusing of
the beams at the IP by means of two Crab Sextupoles
with properly matched betatron phase advance in be-
tween. Local focusing rotates the vertical waist at IP ac-
cording to the horizontal displacement of each individual
particle, decouples the betatron oscillations, and there-
fore effectively reduces the beam-beam coupling betatron
resonances.
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6.11. Charmonium photoproduction facilities

The mechanism of charmonia photoproduction and
their interactions with hadrons and nuclei have been
the subject of much interest since their discovery (see
Sect. 4.3). Generally, because of the small size of these
heavy mesons on the hadronic scale of ~ 1 fm, it is ex-
pected that one can apply QCD to describe their interac-
tions with hadronic matter. Heavy quarkonium produc-
tion thus probes the local color fields in the target and
can reveal properties such as their response to momen-
tum transfer and their spatial distribution, which are of
fundamental interest for understanding nucleon structure
in QCD. While this interpretation is valid at all energies,
the details (what mechanism produces the relevant color
fields, which configurations in the target are their main
source) vary considerably between high energies and the
near-threshold region, calling for detailed experimental
and theoretical study of this fascinating landscape.

6.11.1. J/¢ photoproduction at high energy

The mechanism of exclusive J/¢ photoproduction is
well-understood at high energies (W > 10 GeV) and
[t| < 1 GeV, where the coherence length is large com-
pared to the nucleon size, lcon > 1fm: the process takes
the form of the scattering of a small-size color dipole
off the target (Fig. 108(a)). The leading interaction in
the small-size expansion is via two-gluon exchange with
the target. The nucleon structure probed in this case
is the gluon generalized parton distribution (or GPD),
which describes the two-gluon form factor of the tar-
get and is normalized to the usual gluon density in the
zero momentum-transfer limit. In the process shown in
Fig. 108(a), the transverse momenta of the exchanged
gluons are large, |[kr1,2| ~ mj/y, but their difference can
be small, resulting in a small invariant momentum trans-
fer to the target |t| ~ |kr1 — kr2|?. Hence the reaction
can leave a proton or a nuclear target in its ground state
or a slightly excited state. Experiments in exclusive J/1
photo- and electro-production at HERA [751, 752] have
confirmed this picture through detailed measurements of
the @Q2%-independence of t-slopes in electroproduction, en-
ergy dependence of the cross section, and comparison
with other exclusive vector meson channels (universality
of the gluon GPD); see [1066] for a review. They have
also measured the ¢-slope of the differential cross section
and its change with energy, which allows one to infer the
average transverse radius of gluons in the nucleon and its
change with = (Fig. 109). This information represents an
essential input to small-z physics (initial condition of evo-
lution equations) and the phenomenology of high-energy
pp collisions with hard processes [1067].

Of particular interest is elastic or quasi-elastic scat-
tering of a charmed dipole on nuclei (Fig. 108(a)), with
a subsequent transformation of the c¢ into a J/¢. The
momentum transfer is measurable in this reaction be-
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FIG. 108: Dynamical mechanisms of J/v photoproduction. (a) Two-gluon exchange mechanism at high and intermediate
energies, W — Wiy, > few GeV, based on QCD factorization for hard exclusive meson production. The space-time evolution in
the target rest frame corresponds to the dipole picture of high-energy scattering [1064, 1065], where lcon is the coherence length,
r the transverse size of the c¢ dipole and b its impact parameter with the target. Here x12 and k71,2 denote the longitudinal
momentum fractions and transverse momenta of the exchanged gluons. The invariant momentum transfer to the target proton

or nucleus is small and of the order of the inverse target size, |t| ~ |kr1 — kr2|® ~ R

2

iarget- (D) Coherent multi-gluon exchange

proposed for near-threshold production on the proton, analogous to the hard scattering mechanism for high-t elastic form
factors. Near threshold the minimum value of the invariant momentum transfer |tmin| is large

cause it is the difference between the transverse momen-
tum of the incoming virtual photon and the final me-
son. Caldwell and Kowalski [1068] propose investigation
of the properties of nuclear matter by measuring the elas-
tic scattering of J/1v on nuclei with high precision. The
J /1 mesons are produced from photons emitted in high-
energy electron-proton or electron-nucleus scattering in
the low-z region. Over the next few years, some rele-
vant data should be available from RHIC, where STAR
is collecting data on J/v photoproduction. Based on the
recent RHIC Au+Au luminosity, a sample of order 100
events might be expected. Such measurements could be
performed at the future ENC (Electron-Nucleon Collider,
GSI), Electron-Ton Collider (EIC, Brookhaven National
Lab, or Jefferson Lab (JLab)), or LHeC (Large Hadron-
electron Collider, CERN) facilities. The advantage of
J /1 photoproduction compared to the electroproduction
of light vector mesons is its high cross section and small
dipole size, even at @2 = 0. In addition, the momenta
of the decay products of J/¢ — pu+u~ or ete™ can be
precisely measured. The smallness of the dipole in low-
x reactions assures that the interaction is mediated by
gluon exchange only. Thus the deflection of the J/v¢ di-
rectly measures the intensity and the spatial distribution
of the nuclear gluon field.

The measurement of J/v scattering on nuclei could
become an important source of information on nuclear
structure and high-density QCD. In the absence of nu-
clear shadowing, the interaction of a dipole with a nucleus
can be viewed as a sum of dipole scatterings of the nu-
cleons forming the nucleus. The size of the c¢ dipole in
elastic J/v scattering is around 0.15 fm, i.e., it is much
smaller than the nucleon radius. It is therefore possible
that dipoles interact with smaller objects than nucleons;
e.g., with constituent quarks or hot spots. The conven-
tional assumption is that the nucleus consists of nucleons

and that dipoles scatter on an ensemble of nucleons ac-
cording to the Woods-Saxon [1069] distribution,

N

1+ exp (r _6RA)

Riu = 11245 —0.86 A5 fm,

pws(r) =

(197)

where R4 is the nuclear radius for atomic number A,
0 = 0.54 fm is the skin depth, and N is chosen to normal-
ize [d®7pws(r) = 1. Under the foregoing assumption
(or slight variations thereon), the dipole model predicts
the coherent and incoherent nuclear cross sections shown
in Fig. 110. Deviations from the predicted |¢|-distribution
reveal the effects of nuclear shadowing, which depend on
the effective thickness of the target and thus change with
the dipole impact parameter, b. In the coherent process,
the nucleus remains in its ground state. In the incoherent
process, the nucleus gets excited and frequently breaks
into nucleons or nucleonic fragments. Experimentally we
expect to be able to distinguish cases where the nucleus
remains intact and cases where the nucleus breaks up. In
the nuclear breakup process, there are several free neu-
trons and protons in the final state, as well as other frag-
ments. The number of free nucleons could depend on the
value of the momentum transfer. The free nucleons and
fragments have high momenta and different charge-to-
mass ratios than the nuclear beam and should therefore
be measurable in specialized detectors.

The transverse momenta of the J/¢ can be deter-
mined, in a TPC detector with 2m radius and 3.5T
magnetic field, with a precision of O(1) MeV. The mo-
menta of the breakup protons can be precisely measured
in the forward detector. Therefore a measurement of
t-distributions together with a measurement of nuclear
debris could become a source of invaluable information
about the inner structure of gluonic fields of nuclei [1068].
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FIG. 109: The exponential t-slope, By, of the differen-
tial cross section of exclusive J/v photoproduction mea-
sured in the FNAL E401/E458 [1070], HERA H1 [751],
and ZEUS [753] experiments, as a function of z =
m?,/w/W2 [1109]. (In the H1 and ZEUS results, the quoted
statistical and systematic uncertainties were added linearly.)
The dashed lines represent the published two-dimensional fits
to the H1 and ZEUS data. The average squared transverse
radius of gluons with momentum fraction x in the nucleon can
be inferred from the measured slope as (b*), = 2(B,/y —AB),
where AB a2 0.3—0.6 GeV 2 accounts for the finite transverse
size of the ¢ pair in the production amplitude [1064, 1065].
The data show that the nucleon’s gluonic transverse radius
at x ~ 107" is smaller than the transverse charge (Dirac) ra-
dius and increases slowly toward small z; see [1065, 1109] for
details

6.11.2. J/¢ photoproduction at low energy

Measurements of exclusive J/1 photoproduction at
lower energies were performed in the Fermilab broadband
beam experiment [1070], which detected the recoiling
proton, as well as several other experiments [1071, 1072].
The few existing data suggest that the two-gluon ex-
change mechanism of Fig. 108(a) continues to work in this
region, and the gluonic size of the nucleon observed in
these experiments consistently extrapolates to the HERA
values (Fig. 109) [1073]. However, no precise differential
measurements are available for detailed tests of the re-
action mechanism. New data in this region are expected
from the COMPASS experiment at CERN and a future
Electron-Ion Collider (EIC).

Charmonium photoproduction near threshold will be
studied in experiments at JLab. The Continuous Elec-
tron Beam Accelerator Facility (CEBAF) at JLab de-
livers 500 MHz electron beams with energies up to
6 GeV to three experimental halls. The ongoing up-
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FIG. 110: The prediction [1068] of the dipole model for the ¢-
distribution of coherent J/v¢ photoproduction on (a) calcium
and (b) gold nuclei, assuming that the single nucleon distri-
bution can be identified with the Woods-Saxon distribution,
parametrized by the nuclear radius R4 and skin depth § as
in Eq. (197). The simulated measurements with nominal R4
and § (open circles and solid curve) have statistical error bars
based on an assumed collected sample of 10° events. Some-
what smaller values of R4 or ¢ (by 10% or 20%, respectively)
result in the dashed and dotted curves, respectively. The dot-
dashed curve shows the sum of the coherent and incoherent
processes in the case of no correlations

grade will increase the maximum energy to 12 GeV. The
first beam delivery is planned for 2014. Halls A and
C are equipped with small-acceptance, high-resolution
spectrometers and able to receive beam currents up to
100 pA. Hall B is equipped with a large acceptance
toroidal spectrometer (CLAS) and is able to receive up
to 0.1 uA. A new Hall D, being built as a part of the
upgrade, will use a tagged-photon beam with a 12 GeV
endpoint and intensity up to 100 MHz/GeV.

In exclusive J/1 photoproduction near threshold
(Eqytne = 8.21 GeV for the free nucleon), to be stud-
ied with JLab 12 GeV, the reaction mechanism is ex-
pected to change in several important aspects. First, the
minimum invariant momentum transfer to the nucleon
becomes large: |tmin| = 2.23 GeV? at threshold, and
ltmin] = 1.3-0.3 GeV? at E, = 8.5-12 GeV. This re-
quires more exceptional high-momentum configurations
in the target to bring about an exclusive transition, simi-
lar to elastic eV scattering at large t. It is expected that,
in this situation, color correlations in the wave functions
play an essential role, suggesting a new avenue for their
experimental study. Second, while at high energies the
production amplitude is mostly imaginary (absorptive),
near threshold the real part plays an essential role, ren-
dering the partonic interpretation of the production pro-
cess more complex.

Two possible scenarios for near-threshold exclusive
production on the nucleon have been proposed. One sce-
nario assumes that the two-gluon exchange mechanism
of Fig. 108(a) continues to apply, justified by the small



size of the J/1, and extends this description to the near-
threshold region [1073]. Here the challenge lies in mod-
eling the gluon GPD in the “extreme” near-threshold re-
gion, characterized by large t.;, and large “skewness”
(difference in momentum gluon fractions xy # x3). Some
support for this picture comes from the fact that the
exclusive ¢ electroproduction data at JLab with 6 GeV
beam energy [1074, 1075] are well described by a dy-
namical model based on gluon GPDs [1076]. The other
scenario is based on analogy with the hard scattering
mechanism for high-t elastic form factors. It assumes
that the production process happens predominantly in
the valence (3-quark) configuration of the nucleon and
that the momentum transfer is balanced via hard-gluon
exchange [1077] as illustrated in Fig. 108(b). The two
basic pictures make different predictions for the energy
dependence of the cross section and ¢-slope near thresh-
old, and can be tested with the expected JLab 12 GeV
data. The quantitative implementation of the above sce-
narios, and a possible unified description, are the subjects
of ongoing theoretical research. Independently of the de-
tails, the expected JLab data will greatly advance our
knowledge of color correlations and the gluonic response
of the nucleon at low energies.

The cross section for exclusive J/v¢ photoproduction
at 11 GeV is expected to be 0.2-0.5 nb, rapidly falling
toward the threshold. The JLab experiment plans to
map out the J/v differential cross section in the region
from 9 to 12 GeV.

Another objective of J/¢ production experiments is to
study the interaction of the produced system with nuclear
matter at low energies. The small coherence and for-
mation lengths allow extraction of the J/¢-nucleon cross
sections from the A-dependence of the J/ photoproduc-
tion cross section with minimal corrections to the color-
transparency effects. The only such experiment done at
sufficiently low energies [1078] obtained 3.5+ 0.9 mb; the
signal was extracted from a single-muon transverse mo-
mentum spectrum and the background level was not well
understood. A new experiment at JLab can reduce the
statistical and systematic errors by a factor of three.

A proposal to study J/¢¥ photoproduction close to
threshold in Hall C has been conditionally approved by
the JLab Program Advisory Committee. The lepton de-
cay modes of J/¢ will be detected. In spite of a small
acceptance of ~ 3 x 1074 to J/v¢ decay products, the
expected rate of detected J/¢ is 150-200 per hour in a
2.2% radiation-length-thick liquid hydrogen target. The
effective photon flux of the 50 4 A electron beam will be
increased due to a radiator in front of the target which
has a thickness of 7% of a radiation length. The high res-
olution of the Hall C spectrometers will provide strong
background suppression.
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6.12. Proposed pp project at Fermilab

A uniquely capable and cost-effective multipurpose
experiment could be mounted by adding a mag-
netic spectrometer to the existing Fermilab E760
lead-glass calorimeter [1079] using an available BESS
solenoid [1080], fine-pitch scintillating fibers (SciFi), the
D@ SciFi readout system [1081], and hadron ID via fast
timing [1082]. If the relevant cross sections are as large
as expected, this apparatus could produce world-leading
measurements of X (3872) properties, along with those
of other charmonium and nearby states, as is now pro-
posed?? to Fermilab [1083, 1084]. The Fermilab Antipro-
ton Accumulator’s 8 GeV maximum kinetic energy and
ability to decelerate down to ~ 3.5 GeV suit it well for
studies in this mass region. If approved, the experiment
could start about a year after completion of the Tevatron
Collider run.

Antiproton Accumulator experiments E760 and E835
made the world’s most precise (< 100 keV) measurements
of charmonium masses and widths [1085, 1086], thanks
to the precisely known collision energy of the stochasti-
cally cooled p beam (with its ~ 0.02% energy spread)
with a hydrogen cluster-jet target [1087]. Significant
charmonium-related questions remain, most notably the
nature of the mysterious X (3872) state [32] and improved
measurements of the h.(1P) and 7.(25) [1]. The width of
the X may well be < 1 MeV [122]. This unique pp pre-
cision would have a crucial role in establishing whether
the X (3872) is a D**DO molecule [1088], a tetraquark
state [285], or something else entirely.

The pp — X (3872) formation cross section may be
similar to that of the x. states [721, 1089]. The E760
Xe1 and Yo detection rates of 1 event/nb’1 at the
mass peak [1090] and the lower limit B(X(3872) —
7ta=J/) > 0.042 at 90% CL [124] imply that, at the
peak of the X (3872), about 500 events/day can be ob-
served. (Although CDF and DO could also amass ~ 10*
X (3872) decays, backgrounds and energy resolution limit
their incisiveness.) Large samples will also be obtained in
other modes besides 7+7~J /1, increasing the statistics
and improving knowledge of X (3872) branching ratios.

While the above may be an under- or overestimate,
perhaps by as much as an order of magnitude, it is
likely that a new experiment at the Antiproton Accu-
mulator could obtain the world’s largest clean samples of
X (3872), in perhaps as little as a month of running. The
high statistics, event cleanliness, and unique precision
available in the pp formation technique could enable the
world’s smallest systematics. Such an experiment could
provide a definitive test of the nature of the X (3872).

23 The experiment would also address nonquarkonium topics, such
as charm mixing and CP violation.



6.13. Future linear collider

A high-energy ete™ linear collider provides excellent
possibilities for precision and discovery, within the Stan-
dard Model as well as for new physics. The International
Linear Collider ILC [1091] is a proposed machine based
on superconducting RF cavities that will provide center-
of-mass energies of up to 500 GeV, with the possibility for
an upgrade to 1 TeV. At the design energy of 500 GeV, it
will deliver a luminosity of 2 x 103* cm~2s~!, providing
high-statistics datasets for precision studies. Two ma-
ture ILC detector concepts, ILD [1092] and SID [1093]
exist, both sophisticated general-purpose detectors with
excellent tracking and vertexing capabilities and unprece-
dented jet energy resolution achieved with highly granu-
lar calorimeter systems and particle flow reconstruction
algorithms. In parallel, the technology for the Compact
Linear Collider CLIC [1094], using a two-beam accelera-
tion scheme to reach center-of-mass energies up to 3 TeV,
is being developed. In a staged construction, such a ma-
chine would initially run at energies comparable to the
design goals for the ILC before reaching the multi-TeV
regime. The detector concepts for CLIC are based on the
already-mature ILC detectors, with some modifications
to account for the higher final collision energy. These
planned colliders are excellent tools for top physics. The
precise control of the beam energy at a linear ete™ col-
lider allows a scan of the ¢t production threshold to de-
termine the top mass, width, and production cross sec-
tion [1095].

There are several interesting observables in the tt
threshold region that can be used for these measure-
ments. These are the total cross section, top momentum
distribution, top forward-backward asymmetry and the
lepton angular distribution in the decay of the top quark.
The total cross section as a function of /s rises sharply
below the threshold and peaks roughly at the position
of the would-be 1S5 t¢ resonance mass [1096]. The nor-
malization at the peak is proportional to the square of
the resonance wave function at the origin and inversely
proportional to the top quark decay width. Theoreti-
cally, the resonance mass (hence the peak position) can
be predicted very accurately as a function of m; and as,
so that the top quark mass can be determined by measur-
ing the peak position accurately. We may determine the
top quark width and the top quark Yukawa coupling from
the normalization, since the exchange of a light Higgs bo-
son between t and ¢ induces a Yukawa potential, which
affects the resonance wave function at the origin [1097].

The top quark momentum distribution is proportional
to the square of the resonance wave function in momen-
tum space [1098, 1099]. The wave function of the would-
be 1S toponium resonance can be measured, since the top
quark momentum can be experimentally reconstructed
from the final state, unlike in the bottomonium or char-
monium cases. The wave function is also predicted theo-
retically and is determined by ags and m;. The top quark
forward-backward asymmetry below threshold is gener-
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ated as a result of interference between the S-wave and
P-wave resonance states [1100]. This interference is siz-
able, since the top quark width is not very different from
the level splitting between the 1S and 1P states, and
since the width is much larger than the S-P splittings
of the excited states. Thus, by measuring the forward-
backward asymmetry, one can obtain information on the
level structure of the S and P-wave resonances in the
threshold region. Both the top momentum distribution
and forward-backward asymmetry provide information
on tt dynamics, which are otherwise concealed because
of the smearing due to the large top decay width.

It is known that the charged lepton angular distribu-
tion is sensitive to the top quark spin. By measuring
the top quark spin in the threshold region [1101], it is
possible to extract the chromoelectric and electric dipole
moments of the top quark, which are sensitive to CP-
violations originating from beyond-the-standard-model
physics [1102].

By combining the collision energy dependence of these
observables, precise measurements of the top parameters
are possible. Figure 111 shows simulations of the sensi-
tivity of the cross section, the peak of the top momentum
distribution and of the forward-backward asymmetry to
the top mass in a threshold scan at a linear collider [1103].
(See [1104] for an earlier, similar analysis.) To illustrate
the sensitivity, three different input masses, spaced by
200 MeV, are shown. From a simultaneous fit to these
three observables, a statistical uncertainty of 19 MeV on
mys was obtained, neglecting sources of systematic errors
such as the determination of the luminosity spectrum of
the collider or theoretical uncertainties. To achieve the
highest possible precision, detailed understanding of the
beam energy spectrum, of beamstrahlung and of initial
state radiation is crucial. The measured cross section in
such a scan is theoretically well described, as discussed
in detail in Sect. 6 of [1] and references therein. Using
NNLO QCD calculations, an overall experimental and
theoretical error of 100 MeV on the top mass is reach-
able with a threshold scan at a linear collider [1105].
Further important improvements in precision arise from
NNNLO QCD calculations, the summation of large log-
arithms at NNLL order and a systematic treatment of
electroweak and top quark finite-lifetime effects. Also,
the determination of corrections beyond NLO for dif-
ferential observables such as the momentum distribution
and the forward-backward asymmetry used in the study
described above would be required to fully exploit the
precision of the expected data.

A method has been developed to improve accuracies of
kinematic variables in reconstructed top-quark events in
the threshold region [1106]. This method would improve
measurements of the top quark observables mentioned
above.

An alternative to the threshold-region measurements
described above is reconstruction of decay products in
tt pair production far above threshold. This approach
has the advantage that the top measurement is possi-
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FIG. 111: Sensitivity of three important observables to the
top mass from a simulated threshold scan at a linear collider:
(a) the top production cross section, (b) the peak of the top
momentum distribution Ppeak, and (c¢) the forward-backward
asymmetry. The solid triangles (open circles) correspond to
input MC generated with top mass that is 200 MeV higher
(lower) than that used for the MC sample with nominal top
mass, represented by stars. Adapted from [1103] with kind
permission, copyright (2003) Springer-Verlag

ble at full collider energy in parallel with other mea-
surements, resulting in much higher integrated luminos-
ity. The top quarks decay essentially exclusively into a
b quark and a W boson, giving rise to two b jets and
additional jets or leptons from the W decays in the final
state. The expected performance of the ILC detectors
leads to very high precision in the invariant mass deter-
mination. Due to the clean environment in eTe™ colli-
sions, a measurement in the full-hadronic six-jet mode,
which has the highest branching fraction, is possible. Fig-
ure 112 shows the reconstructed top quark invariant mass
in the fully hadronic decay mode obtained from a simu-
lation for the ILD detector concept [1092] at an energy
of 500 GeV and corresponding to an integrated lumi-
nosity of 100 fb~!. The simulation uses a complete de-
tector modeling and standard model backgrounds. The
statistical error on the mass reconstruction is 90 MeV
in this channel alone. With a higher integrated lumi-
nosity of 500 fb~! and by combining measurements in
fully hadronic and in semileptonic top decays, a statis-
tical precision of 30 MeV seems reachable, comparable
to the experimental precision of a threshold scan. How-
ever, the theoretical interpretation of the invariant mass
is considerably more complicated than in the case of
threshold measurements. Recently, a systematic formal-
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top mass. From [1092]

ism to relate the measured invariant mass to theoretically
meaningful parameters has been established [1107, 1108].
This formalism has the potential to compete with the
threshold-scan calculations in terms of achievable preci-
sion. The computations were carried out to NLL. Fur-
ther higher-order calculations are needed to reduce the
present theoretical uncertainties and fully exploit the ex-
perimental precision achievable at a future linear collider.
See also Sect. 2.8.3.

Beyond precision measurements of the top mass and
width, a Linear Collider would also provide excellent con-
ditions for a wealth of other top-related studies, such as
the measurement of the top-Yukawa coupling in the pro-
cess et e~ — ttH and the search for anomalous couplings
in decays.



7. CONCLUSIONS AND PRIORITIES

Below we present a summary of the most crucial
developments in each of the major topics and suggested
directions for further advancement.

Spectroscopy: An overview of the last decade’s progress
in heavy quarkonium spectroscopy was given in Sect. 2.
With regard to experimental progress, we conclude:

1. New measurements of inclusive hadronic cross
sections (i.e., R) for eTe™ collisions just above
open c¢ and bb flavor thresholds have enabled im-
proved determinations of some resonance parame-
ters but more precision and fine-grained studies are
needed to resolve puzzles and ambiguities. Like-
wise, progress has been made studying exclusive
open-flavor two-body and multibody composition
in these regions, but further data are needed to
clarify the details. Theory has not yet been able
to explain the measured exclusive two-body cross
sections.

2. Successful observations were made (Table 4) of 6
new conventional heavy quarkonium states (4 cc, 2
bb); of these, only the 7,(15) lacks a second, inde-
pendent 5o confirmation. Improved measurement
of n.(15) and 7.(2S5) masses and widths would be
quite valuable. Unambiguous observations and pre-
cise mass and width measurements are needed for
5 (2S), hy(1P1), Y(12Dy), and Y (13 D3) in order to
constrain theoretical descriptions.

3. Experimental evidence has been gathered (Table 9)
for up to 17 unconventional heavy quarkonium-like
states. All but Y;(10888) are in the charmonium
mass region, and all but 5 remain unconfirmed at
the 50 level. Confirmation or refutation of the re-
maining 12 is a high priority.

4. Theoretical interpretations for the unconventional
states (Table 20) range from coupled-channel ef-
fects to quark-gluon hybrids, mesonic molecules,
and tetraquarks. More measurements and theoret-
ical investigations are necessary to narrow the pos-
sibilities. In particular, high-resolution measure-
ments of lineshapes promise deeper insights into the
nature of various of those states.

5. The X (3872) was the first unexpected state to be
observed and has generated the most experimen-
tal and theoretical attention. Its sub-MeV proxim-
ity to D*®DO-threshold (Tables 10-11) and domi-
nant D°DO7% branching fraction suggest a D*0DO0-
molecular component, although this interpretation
is not universally shared. The X (3872) has been
confirmed in four decay modes (Table 12). The dis-
covery mode, w7~ J /4, is still the best measured,
and has a branching fraction comparable in size to
that of wJ/v; D°DO7¥ is ten times more common
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and v.J/1 three times less. The X (3872) quantum
numbers have been narrowed to 11+ or 27 +.

. The charged Z states observed in Z= — 7~ (25)

and 7~ x.1 would be, if confirmed, manifestly ex-
otic. Hence their confirmation or refutation is of
the utmost importance.

With regard to lattice QCD calculations:

7.

10.

11.

12.

13.

14.

15.

Lattice QCD technology has progressed to the
point that it may provide accurate calculations
of the energies of quarkonium states below the
open flavor threshold, and also provide information
about higher states.

. Precise and definitive calculations of the ¢ and bb

meson spectra below threshold are needed. Un-
quenching effects, valence quark annihilation chan-
nels and spin contributions should be fully in-
cluded.

. Unquenched calculations of states above the open-

flavor thresholds are needed. These would provide
invaluable clues to the nature of these states.

The complete set of Wilson loop field strength aver-
ages entering the definition of the nonperturbative
QQ potentials must be calculated on the lattice.

Calculations of local and nonlocal gluon conden-
sates on the lattice are needed as inputs to weakly-
coupled pNRQCD spectra and decay calculations.

NRQCD matching coeflicients in the lattice scheme
at one loop (or more) are needed.

Higher-order calculations of all the relevant quan-
tities due to the lattice-to-M S scheme change are
required in order to relate lattice and continuum
results in the EFT.

Lattice calculations of the overlap between quarko-
nia and heavy-light states in the threshold region,
as well as with hybrids or exotic states, should be
performed.

A better determination of the rq lattice scale and
a nonperturbative determination of Agg with 241
or 2+1+1 sea quarks is needed.

With regard to effective field theories (EFTs),

16.

Higher-order perturbative EFT calculations of
static energies, static potentials, and relativis-
tic corrections to the potentials and energy lev-
els have appeared recently for different heavy-
quark/antiquark configurations. Further efforts in
this direction are needed, and the emerging pat-
terns of renormalons should be studied in relation
to the behavior of the bound states perturbative
series.



17.

18.

19.

We have described simulation studies for a future
linear collider which demonstrate that precise de-
terminations of the top mass and the top Yukawa
coupling can be obtained from a tf production scan
near threshold. To at least match this expected
precision, a complete NNLL computation is nec-
essary to obtain a firmer grasp of the theoretical
uncertainties. The complete NNNLO computation
is also desirable to assess the importance of the
resummation of logarithms. The electroweak and
non-factorizable corrections may be calculated by
developing an effective theory description for un-
stable particles.

Better experimental data for bb production above
threshold would diminish the impact of the exper-
imental error in nonrelativistic sum rules determi-
nations of the bottom quark mass.

The 20 discrepancy between the EFT calculation
and measurements of the 7,(1S5) mass needs to be
resolved.

Decay: Section 3 described the enormous progress on
heavy quarkonium decays, showing that many branching
fraction, width, and spectra measurements have attained
high precision. Some of these results provide crucial an-
chors for theoretical approaches while others have just
scratched the surface of what may be attainable with
more data and improved techniques. Accomplishments
and priorities are:

20.

21.

22.

23.

Precise measurements of the dileptonic and total
widths in charmonium (Tables 28-31) and bottomo-
nium (Tables 32-35) below the respective open-
flavor thresholds have been performed.

A novel and empirical measurement of the nontriv-
ial radiative photon lineshape in J/v¢ and (25)
decays to 1.(15), which in turn enabled determi-
nation of much-improved branching fractions, has
appeared. This has stimulated theoretical activity
to explain the photon spectral shape and raised the
importance of measuring the corresponding spec-
tra for $(25) — 1m.(25), ¥(25) - Yxes(LP),
T(nS) — ymp(15,25), and Y(nS) — yxps(nP).
Precise measurement of the 1(2S) — ~xcs(1P)
lineshapes will be essential in quantifying the
branching fraction for the nonresonant ¢ (25) —

vy J /v decay.

There are new branching fraction measurements for
decays of J/, ¥(25), and T to yn(’) that present
a puzzling and unexplained pattern (Table 26).

Measurements of the ygg spectra and branching
fractions (Table 25) for Y(1S,2S,3S), J/¢, and
1(2S5) all have been published. Considerably more
attention to measurements, in which background-
subtraction uncertainties have limited the precision

24.

25.

26.

27.

28.

29.

30.
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of charmonium results much more severely than
for bottomonium, and predictions, which have had
mixed success on predicting the radiative photon
spectra, is needed.

First measurements of the two- and three-photon
partial widths of x.02 (Table 27) and J/4, re-
spectively, have been performed. Although the ex-
perimental relative uncertainties on these widths
are not yet below the 10% and 30%, respectively,
they already present challenges to the theory. Bet-
ter experimental precision for the two-photon cou-
plings of 7.(15) and 7.(2S) would be very useful
to constrain cross-particle branching fraction mea-
surements as well as relevant theoretical descrip-
tions.

Detailed and provocative measurements of dipion
and 7 transitions for the ¢ (Table 37) and T
(Tables 38-39) systems below the respective open-
flavor thresholds challenge theoretical rate and
dipion-mass spectra predictions, while the surpris-
ingly high rates observed above these thresholds
remain a mystery.

Measurements of 1(3770) — non-DD (Table 40)
conflict with one another. Definitive measurements
of exclusive decays can best supply confidence in
such a rate being more than a few percent, because
indirect or aggregate (Table 41) comparisons ap-
pear to be quite challenging.

A multitude of measurements has been accumu-
lated in the realm of exclusive hadronic decays of
heavy quarkonia. These have deepened theoreti-
cal mysteries (e.g., pm puzzle, conflicting measure-
ments of non-DD decays of 1)(3770)) but whetted
the community’s appetite for more information on
such decays of xcs, Xxps, 1:(15), 1e(25), m(1S),
hc(lpl), and hb(lpl).

Initial but nevertheless intriguing measurements
of the rate for deuterons to appear in Y decays
and the mechanism of baryon-number compensa-
tion therein have been reported. Further experi-
mental and theoretical attention in T decays, the
LHC, and future facilities are warranted. This in-
formation is useful for tuning MC generators and
may be relevant for the molecular interpretation
of X(3872) (Sect. 2.9.3) and other loosely-bound
states.

A new measurement (Table 22) has resolved the
longstanding discrepancy between experiment and
theory on multipole amplitudes in ¥(25) — yxcs,

XcJ — fYJ/’L/J

A theoretical understanding of the photon energy
spectrum from J/¢ — n.(1S) and ¥(2S) —
T (15) (see item #21) is required (Sects. 3.1.1 and
3.1.2).



31.

32.

33.

It would be important to have a coherent EFT
treatment for all magnetic and electric transitions.
In particular, a rigorous treatment of the relativis-
tic corrections contributing to the E1 transitions
and a nonperturbative analysis of the M1 transi-
tions is missing. The first is relevant for transitions
involving P states, the second for any transition
from above the ground state.

New resummation schemes for the perturbative ex-
pressions of the quarkonium decay widths should be
developed. At the moment, this is the major ob-
stacle to precise theoretical determinations of the
T (1S5) and 7;,(1.5) inclusive and electromagnetic de-
cays (Sect. 3.2.1).

More rigorous techniques to describe above-
threshold quarkonium decays and transitions,
whose descriptions still rely upon models, should
be developed (Sects. 3.3.1 and 3.4).

Production: The theoretical and experimental status
of production of heavy quarkonia was given in Sect. 4.
Conclusions and priorities are as follows:

34.

35.

36.

37.

38.

39.

It is very important either to establish that the
NRQCD factorization formula is valid to all orders
in perturbation theory or to demonstrate that it
breaks down at some fixed order.

A more accurate treatment of higher-order cor-
rections to the color-singlet contributions at the
Tevatron and the LHC is urgently needed. The
re-organization of the perturbation series that is
provided by the fragmentation-function approach
(Sect. 4.1.5) may be an important tool.

An outstanding theoretical challenge is the devel-
opment of methods to compute color-octet long-
distance NRQCD production matrix elements on
the lattice.

If NRQCD factorization is valid, it likely holds only
for values of pr that are much greater than the
heavy-quark mass. Therefore, it is important for
experiments to make measurements of quarkonium
production, differentially in pr, at the highest pos-
sible values of pr.

Further light could be shed on the NRQCD veloc-
ity expansion and its implications for low-energy
dynamics by comparing studies of charmonium pro-
duction and bottomonium production. The higher
pr reach of the LHC may be particularly important
for studying bottomonium production at values of
pr that are much greater than the bottomonium
mass.

It would be of considerable help in disentangling the
theoretical issues in production of the J/¢ and T if

40.

41.

42.

43.

44.

45.

46.
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experimental measurements could separately quan-
tify direct and feeddown contributions. Ideally, the
direct production cross sections and polarizations
would both be measured differentially in pp.

It is important to resolve the apparent discrepancy
between the CDF and D) measurements of the T
polarization, which were performed for different ra-
pidity ranges, |y| < 0.6 (CDF) and |y| < 1.8 (DQ).
A useful first step would be for the two experi-
ments to provide polarization measurements that
cover the same rapidity range.

It would be advantageous to measure complete
quarkonium polarization information in a variety of
spin-quantization frames and to make use of frame-
invariant quantities to cross-check measurements in
different frames [722, 723, 1030]. Care should be
taken in comparing different polarization measure-
ments to insure that dependences on the choices of
frame and the kinematic ranges of the experiments
have been taken into account.

Measurements of inclusive cross sections, charmo-
nium angular distributions, and polarization pa-
rameters for P-wave charmonium states would pro-
vide further important information about quarko-
nium production mechanisms.

Studies of quarkonium production at different val-
ues of /s at the Tevatron and the LHC, studies of
hadronic energy near to and away from the quarko-
nium direction at the Tevatron and the LHC, and
studies of the production of heavy-flavor mesons in
association with a quarkonium at e*e™, ep, pp, and
pp machines could give information that is comple-
mentary to that provided by traditional observa-
tions of quarkonium production rates and polariza-
tions.

Theoretical uncertainties in the region near the
kinematic endpoint of maximum quarkonium en-
ergy might be reduced through a systematic study
of resummations of the perturbative and velocity
expansions in both ep and eTe™ quarkonium pro-
duction.

In predictions for exclusive and inclusive quarko-
nium production in eTe~ annihilation, large cor-
rections appear at NLO. An important step would
be to identify the origins of these large corrections.
It might then be possible to improve the conver-
gence of perturbation series by resumming specific
large contributions to all orders in ag.

The central values of the Belle and BABAR measure-
ments of o(ete™ — J/1 + 1.(15)) x Bsa, where
B~ is the branching fraction for the 7.(15) to de-
cay into a final state with more than two charged
particles, differ by about twice the uncertainty of



47.

48.

49.

50.

o1.

either measurement, suggesting that further exper-
imental attention would be valuable. Comparisons
with theory would be more informative if the un-
certainty from the unmeasured branching fraction
B2 were reduced or eliminated.

The central values for the prompt J/¢ inclusive
production cross section that were obtained by
BABAR and Belle differ by more than a factor of
two. It would be very desirable to clear up this
discrepancy.

Belle has presented results for o(ete™ — J/¢ +
cc) and o(ete™ — J/¥ + Xpon—cz). It would be
beneficial to have similar results from BABAR.

Measurements of quarkonium production in yp and
~7 collisions could provide additional information
about production mechanisms and should be car-
ried out at the next opportunity at an ete orep
collider. It may also be possible to measure quarko-
nium production in 7 and ~yp collisions at the LHC
[828].

The observation and study of the B. mesons and
their excitations are new and exciting components
of the quarkonium-physics plans for both the Teva-
tron and the LHC.

Theoretical progress should always be mirrored by
the development of simulation tools for experiment.
A particularly important goal would be to develop
experiment-friendly simulation tools that incorpo-
rate the state-of-the-art theory for inclusive and as-
sociative quarkonium production.

In Medium: The status of heavy quarkonium produc-
tion in cold and hot matter was presented in Sect. 5.
Conclusions are, for cold matter:

52.

93.

Studies are now attempting to place a limit on the
allowed level of quark energy loss in next-to-leading
order Drell-Yan dilepton production. These will
determine the maximum amount of gluon energy
loss that can be applied to J/¢ production and
suppression models of pA interactions.

A limit on the level of energy loss apparent in
J/1¢ production as a function of nuclear mass, A,
and longitudinal momentum, expressed either as a
function of xr or rapidity, y, will put constraints
on the nuclear absorption cross section. These
constraints will help determine the importance of
formation-time effects and feeddown on the quarko-
nium absorption cross section. Ultimately, the
cold-nuclear-matter baseline should include differ-
ent asymptotic absorption cross sections based on
their final-state radii and formation times.

For hot matter:

54.

55.
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It is important to calculate the quarkonium spec-
tral functions at nonzero temperature using an ef-
fective field theory approach with different hierar-
chies of relevant scales amended with lattice QCD
calculations of the relevant correlation functions.

We would like to be able to compare the hot-matter
effects more directly to heavy-ion data. To do
this, more realistic dynamical models of quarko-
nium production in heavy-ion collisions must be
developed that rely on state-of-the-art calculations
of the quarkonium spectral functions.

Important future RHIC measurements include:

56.

o7.

58.

The open charm and open bottom cross sections as
a function of rapidity and centrality in d+Au and
Au-+Au collisions, as well as a measurement of the
rapidity distribution in pp collisions. Such a mea-
surement is complementary to quarkonium produc-
tion and necessary to establish whether the reduced
J/v production cross section at forward rapidity,
manifested in the larger effective absorption cross
shown in Figs. 78, 82 and 85, is associated with re-
duced charm production or is particular to bound-
state formation. This should be feasible with the
upgraded vertex detectors being installed in 2011
and 2012, in conjunction with another d+Au run.

The J/4 elliptic flow, ve, in Au+Au collisions. Sta-
tistical recombination models predict strong sec-
ondary J/v¢ production in heavy-ion collisions.
This measurement will be an important test of this
recombination picture.

Higher-statistics measurements of ¢ and Y produc-
tion in d+Au and Au+Au collisions, which can be
expected with increasing RHIC luminosity. These
will provide further tests of the quarkonium pro-
duction and suppression mechanisms in cold and
hot matter.

Experimental outlook: Section 6 gives an overview

of newly-commissioned, under-construction, and only-
planned experimental facilities and what their activities
relating to heavy quarkonium will be:

59.

60.

BESIII operating at BEPCII will continue where
BESII and CLEO-c left off, with a robust program
of charmonium spectroscopy and decay investiga-
tions. Initial datasets at the J/¢ and (25) al-
ready exceed previous accumulations, with addi-
tional data acquisition at ¢(3770) and the DD*
peak at /s = 4170 MeV planned for the near fu-
ture. Fine scans above open-charm threshold are
likely. At its highest energy, BEPCII will directly
produce Y (4260) for much-needed further study.

ALICE, ATLAS, CMS, and LHCb are being com-
missioned along with the LHC, and have potent



heavy quarkonium programs underway, planning
important production and polarization measure-
ments in both pp and heavy-ion collisions. The four
experiments have distinct and complementary ex-
perimental strengths and specialties, but also will
have significant overlaps in many measurements for
cross-checking of results.

61. The PANDA (pp) and CBM (nucleus-nucleus) ex-
periments at the FAIR facility at GSI will comple-
ment the activities at other laboratories.

62. The knowledge of open-charm cross section in
proton-antiproton annihilations is extremely im-
portant to shape the initial physics program of
PANDA at FAIR. A collaboration should be formed
to prepare a proposal to perform inclusive measure-
ments at Fermilab with pp collisions in the char-
monium energy region using existing detector ele-
ments.

63. Lepton-hadron colliders have significant role in
advancing the heavy-quarkonium-physics agenda,
with the energy, intensity, and experimental up-
grades at JLab likely to contribute before other
similar proposed facilities.

64. A tau-charm factory and/or a more flexible super-
flavor factory have been proposed to continue the
giant strides in heavy quarkonium physics taken
at ete~ machines, from Mark-I at SPEAR to
the very recent landmark results from both B-
factories, CLEO-c, and BESIII. The factory-level
luminosities combined with sophisticated detectors
and well-defined intitial-state energy-momentum
and quantum numbers give eTe™ collisions many
important advantages.

65. A future linear collider (CLIC or ILC) would of-
fer important opportunities to measure top quark
properties in the tf threshold region (see item #17
above).
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