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Are the XYZ states unconventional states or conventional states with unconventional
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We discuss three possible scenarios for the interpretation of mesons containing a heavy quark and
its antiquark near and above the first threshold for a decay into a pair of heavy mesons in a relative
S—wave. View I assumes that these thresholds force the quark potential to flatten which implies
that while in these energy ranges molecular states may be formed there should not be any quark—
anti-quark states above these thresholds. View II assumes that the main part of the interaction
between two mesons is due to the poles which originate from the QQ interaction. The properties
of the QQ mesons are strongly influenced by opening thresholds but the number of states is given
by the quark model. In View III, both types of mesons are admitted also near and above the open
flavor thresholds: @QQ mesons and dynamically generated mesons. Experimental consequences of

these different views are discussed.

I. INTRODUCTION

Great progress has been achieved in the spectroscopy
of hadrons containing two heavy quarks due to the
tremendous efforts of experiments like BaBar, Belle, BE-
SIII, CLEO, LHCb, - - -, and further progress is expected
from the ongoing programs and, in the future, from Belle
IT and PANDA. At present, the Particle Data Group
(PDG) [1] lists 37 states containing a c¢ and 20 states
containing a bb pair. Amongst those there are many
states with unexpected properties, like [2] x.1(3872) also
known as (aka) X (3872), 1(4260) aka Y (4260), 1(4360)
aka Y (4360), 1(4660) aka Y (4660), and x.1(4140) and
Xc1(4274). Moreover, there are even states with isospin
I = 1 (established are Z.(3900), Z.(4020), Z.(4430),
7Z,(10610), Z,(10650)) decaying to final states that con-
tain a heavy quark and its antiquark — as such the states
must contain at least four quarks. All these states are
classified as unconventional states or as candidates for
an exotic structure, but it is unclear what their underly-
ing structure is.

In the literature those states are typically proposed to
be quarkonia (QQ), possibly with unconventional prop-
erties, compact tetraquarks (diquark—antidiquark (¢Q)-
(Qq)), hybrids (QQ states with active gluons contribut-
ing to the quantum numbers), hadroquarkonia (with
a structure as (QQ)-(qq)), or loosely bound molecular
states (Qq)-(Q7). A large number of reviews has ap-
peared recently that discuss the exotic candidates from
different angles, see, e.g., Refs. [3H9]. The key issue is if
in the presence of light quarks the heavy quark—antiquark
potential keeps rising as it does in the quenched approx-
imation of the potential. This would imply that near
and above the first relevant S—wave open flavor thresh-
old at most molecular states could exist but no quark—
anti-quark states. It should be stressed that many unex-
pected phenomena were discovered very close to impor-
tant thresholds.

The problem at hand is probably best explained by a
brief look at x.1(3872). Its very small binding energy
(there is currently only an upper limit of 180 keV for
this binding energy) makes this state a prime example
of a loosely bound molecule. However, the question re-
mains, if this state is just a molecule produced by two-
hadron interactions or if it owes it existence a c¢ core.
The xc1(2P) may still be waiting for discovery — or
it is already found and should be identified with the
Xc1(4140). The pattern of the x.(1P) states suggests
that the three states x.2(3930), xc1(3872), x.0(3860)
could be the x.(2P) states. In this paper, we compare the
implications of three very different hypotheses regarding
the doubly heavy states near or above the first relevant
open heavy flavor threshold.

View I underlines the importance of the “molecu-
lar” interaction between two mesons. In this view, the
Xc1(3872) is an isoscalar D*D + c.c. molecule unrelated
to the c¢ system. (The charge conjugated component
is omitted from now onwards.) Here, as in all partial
waves, quarkonia exist only below the first relevant S-
wave threshold for a two-particle decay — this state-
ment implies that these two particles must be narrow,
I' <« Aqcp, for otherwise the possible molecule would
be too broad [I0] or, stated differently, would have al-
ready decayed before it could hadronize [I1]. In this
view it is assumed that at this threshold virtual light
quarks screen the quark-antiquark potential. As a result
the potential flattens off and all resonances at or above
the threshold are of molecular nature. In this scenario,
QQ states exist only below this threshold, and the num-
ber of molecular states is (at most) given by the number
of relevant S—wave thresholds in the kinematic range of
interest (although there might also be P—wave states ob-
served already — this is discussed below). Note that not
necessarily all S—wave channels have a sufficiently strong
attractive interaction to generate singularities with a sig-
nificant impact on observables (Note that in the two nu-



cleon sector there is a bound state only in the spin triplet,
isospin singlet channel. In the spin singlet, isospin triplet
channel there is only a virtual state which is, however,
so close to the threshold that it generates a very large
scattering length).

View II is based on the assumption that the lead-
ing part of the interaction between two mesons is due
to their QQ component. The argument is that there
can be different reasons to expect a resonance in a given
mass range. Mesons with a given set of quantum num-
bers can be ¢g, they could be hybrids (abbreviated often
as qqg), tetraquarks ¢qqg, molecular meson-meson res-
onances, baryonia (baryon-antibaryon bound states or
resonances) or glueballs. These are six different possi-
ble species. However, there is no experimental evidence
for such an abundance. View II assumes that these differ-
ent ingredients may be components in the mesonic wave
function, but that these options do not manifest them-
selves in separate resonances. In this view, the number
of expected heavy-quark states is given by the number of
expected QQ states. It is assumed that these states drive
the major part of the interactions between the particles
into which the states decay. Due to threshold openings,
the properties of the wave function can change as well as
the resonance parameters but not the number of states.
In this view, x.1(3872) would have a QQ and a sizeable
molecular component. But there is one x.; state only in
this mass range that should be identified with x.1(2P).

One can in principle also think of a mixture of View
I and II, if one were to admit that deuteron-like loosely
bound states of two hadrons might exist if there is no
possibility to reduce the number of quarks. In this for-
mulation, exotic mesons like the Z particles (Z.(3900),
Z,(10610), ---) might exist as poles of the S—matrix.
However, we will not go deeper into this discussion here.

Finally, in View III, we allow for the existence of
both even above the first relevant two—hadron threshold:
States that owe their existence their QQ core as well as
those that are of molecular nature. In this scenario the
number of states will exceed the number of states defined
by the QQ model. Moreover, one expects states near S—
wave thresholds as well as states with masses unrelated
to those.

In principle the same issues raised above could also
be discussed for the light quark sector, however, due to
the non-perturbative nature of QCD at small momentum
transfers but asymptotic freedom at large scales, one ex-
pects that heavy—heavy systems, which are the focus of
this work, are easier to analyse than heavy-light or all-
light systems. Moreover, the heavy quark spin symmetry
(HQSS) states that, up to corrections of order Aqcp/Mq
where Aqep =~ 200 MeV denotes the QCD mass scale and
Mg the heavy quark mass, the heavy quark spin does not
interact. This results in the appearance of spin multiplets
and allows one to identify selection rules for certain de-
cays that are sensitive to the internal structure of the
states, both of which proved to be important diagnostic
tools when it comes to classifying exotic states. In addi-
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Figure 1: (Color online) The bottomonium states.
Established states are given by a solid line and their
names. The thresholds for S-wave decays in each
channel are indicated by dashed lines. The 17+ and
1%~ partial waves have their S-wave threshold at the
B*B, the 2% partial wave at the B* B* threshold. In
View I, states close to or above thresholds (in blue) and
the isospin 1 states (in red) are interpreted as molecular
states. In View II only states compatible with QQ exist.

tion, mesons have an easier substructure than baryons.
Thus in what follows we focus on doubly heavy mesonic
systems.

II. THE BOTTOMONIUM SPECTRUM

Fig. [1| shows the spectrum in the b-quark sector. The
spectrum is very clean. There is a series of T states,
T(1S)---Y(4S) [12], T(10860) and Y (11020), with quan-
tum numbers I¢(JPC) = 0% (177) where I, G, J, P, C
are the isospin, G-parity, total spin, parity and C-parity
of the mesons. The vector states can be produced in ete~
annihilation, and most of our detailed knowledge on the
T-family of states stems from this process. The Y (n3D;)
states have the same quantum numbers as the Y(nS)
states and could in principle be produced in eTe™ anni-
hilation as well, but this production violates spin sym-
metry which is most probably the reason why those have
not been seen here. The Y(12D;) state (with orbital
angular momentum L = 2 and quark spin S = 1) has
been seen in a Y(35) = vx,(2P), x6(2P) — yY(13Dy),
Y(13D2) — vxu(1P), xp(1P) — yY(1S) cascade decay
with four photons in the final state [I3].

The two resonances Y(10860) and Y(11020) are above
the open beauty threshold — given the quantum num-
bers, the decay T — B®B®) happens in a P-wave.
The mass of the Y(11020) is right below the first S-wave
threshold, namely B, B, where B; denotes the axial vec-



Table I: The lowest S—wave thresholds for a given JF¢

shown in the first line.
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tor B-meson with the light quark cloud carrying j = 3/2.

Further states are known: There are two pseudoscalar
mesons, 1,(1S) and 7,(25). They are found slightly be-
low the corresponding vector states in line with expecta-
tions from HQSS for bb states. In addition, there are
two complete quartets with L = 1; two spin triplets
Xps(nP) with J =0,1,2 and n = 1,2 and two spin sin-
glets hy(nP), again with n = 1,2. Two states belong
to the 3P series: xp1(3P) and the recently discovered
xv2(3P) [14].

The spin-triplet and spin-singlet states satisfy the
center-of-gravity rule which holds true when tensor and
spin-spin forces are negligible:

1
Mig(nr) = g (5Mygs(np) + 3Mygump) + Mygomr)) (1)

For @Q =b,n =1, the difference between the left hand side
and the right hand side is 6M =-(0.57£1.08) MeV and
for Q=b,n=2, 6M =—(0.4 £ 1.3) MeV. The center-of-
gravity rule is excellently satisfied.

Note that with the exception of Y(11020) all states
discussed so far are well below the threshold for S-wave
decays. The pertinent thresholds for the different quan-
tum numbers for S-wave decays are shown in Table [I}

The two isotriplets of states Z;,(10610) and Z,(10650)

with quantum numbers 17(17F) are evidently not bb
mesons and have no pure bb component. The minimal
quark content for a Z;‘ is bbud with four quarks suggest-
ing a tetraquark configuration [15]. However, Z;(10610)
and Z;,(10650) decay not only into bottomonium states,
they also decay into pairs of mesons with open bottom-
ness: Z,(10610) with a fraction of (82.6 + 2.9 + 2.3)%
into BB*, and Z,(10650) with (70.6 £ 4.9 = 4.4)% into
B*B* (but not into BB*). Thus a molecular nature of
7,(10610) and Z,(10650) is very likely [16] even though a
kinematical origin [I7, 18] is not yet fully excluded. Both
mesons are very close to a threshold. The PDG quotes [I]

4+2 MeV
4+1.5 MeV

Mz, (10610 — (M(B*) + M(B)) =
Mz, 0650+ — (M(B*) + M(B*)) =

A study of their line shape [I9] finds that the poles related
to the two Z; are located even closer to the corresponding
thresholds, but on the unphysical Riemann sheets. In
particular, the Z,(10610) is found as virtual state (just
below the B*B threshold) while the Z,(10650) pole is
found just above the B*B* threshold. It is not difficult
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Figure 2: (Color online) The charmonium states. See
also caption of Fig. [Il Candidate states are shown by a
dashed line. Non-established states with isospin 1 are
not shown, see Table [VI| for a full list. The X (4020) is
shown as Z.(4020). The thresholds for S-wave decays
into a ¢cn — nc and ¢5 — sc in each partial wave are
depicted as thin dashed lines. X (3940) is assumed to
have pseudoscalar quantum numbers and is interpreted
as 7¢(39).

Table II: The spectrum of charmonium states below
the DD threshold.

State m (MeV) I (MeV)  IG(JFC)
$(1S)  3096.900 + 0.006 0.0929 +0.0028 0F(177)
Xeo(1P) 3414.71 £0.30 10.8+06  0t(0™H)
Xe1(1P) 3510.67 £0.05 0.8440.04 0t(1*H)
he(1P)  3525.4540.15 0.70+0.40 0t(1T7)
Xe2(1P)  3556.17 £0.07 1.97+0.09 07 (2*H)
ne(29) 3637 +4 1447 0t (0"
$(2S)  3686.097 £0.025  0.294+8  0F(177)

to anticipate that the next charged pair of Z, states can
be expected at the BsB* and BB} thresholds, at 10782
and 10831 MeV. They could be produced in Y(11020)
decays. All these isovector states are evidently not of ¢g
nature. Their observation is contrasted with the different
views below.

IIT. CHARMONIUM

Figure [2| shows the charmonium states listed by the
PDG [1] which contain a ¢€ pair in their wave function.
States up to 1¥(2S5) have masses below the open charm
(DD) threshold and are narrow, mostly with a width of
a few MeV or even smaller. All expected charmonium
states below the DD threshold are known and unam-



biguously established. They are collected in Table[[l} The
center-of-gravity rule, Eq. (|1]), holds true for @ = ¢,n =1
with dM = 0.08 £ 0.61 MeV.

The states above the open charm threshold are signifi-
cantly broader. Here, two thresholds become important:
The threshold for S-wave decays into a cn-nc pair — where
we include couplings to the ground state D mesons and
the narrow even-parity D-mesons — and into c¢5-s¢ are
shown in Table [[II] The full charmonium spectrum is
displayed in Fig. [2, where the thresholds are shown as
dashed lines.

The PDG lists ten ¢ states but Fig.[2]shows only eight:
There is the well known 1/(4260), seen in the J/y7rr [20],
J/YKK [21]and 7+ D°D*~ [22] final states, and the can-
didate state ¥ (4230) observed to decay into wmh. [23],
WXeo [24], and wmep(2S) [25]. We assume here that these
phenomena are related and correspond to one particle
in line with the analysis of Ref. [26] 27]; this finds fur-
ther support in the fact that the most recent data for
ete™ — Jymtn~ [20] clearly peak between 4220 and
4230. Likewise, we identify 1(4390), seen in wrwh. [23],
and ¥(4360) decaying into ¢ (25)7m [25]. The four reso-
nance claims, combined here to two states, are collected
in Table [Vl

The Belle collaboration reported a few charmonium
states observed in a process in which two c¢ pairs are
produced in two-photon collisions [28]. Three states are
identified with known states: 7.(15), a weaker y.o(1P)
decaying into DD, and 7.(25). Two further states are
seen, X (3940) decaying to D*D, and X (4160) decaying
into D*D*. Tentatively, we assign the X (3940) state to
ne(35). If this state were indeed a 0~ state, this assign-
ment would in fact be consistent with all views discussed
in this paper, since the lowest lying S—wave threshold
with these quantum numbers is at 4.423 MeV (¢f. Ta-
ble .

The Belle collaboration reported the observation of a
scalar charmonium state in the reaction ete~ — J/¢DD
[30). Its mass was determined to (386273511%) MeV and
its width to (201731F88) MeV. Tt is listed as x.o(3860)
but not included in the PDG summary.

The PDG identifies the state located near 3930 MeV
as xc2(2P) state. It is observed in two-photon collisions
[31] and in B decays [32] in its decay into wJ/¢. Very

Table III: Thresholds for production two charmed
mesons. The quantum numbers correspond to S-wave

decays.
JPC O—+ 1~ 1t 0++ 1+t 9t+ 2=
D:D* DD D*D DD D*D D*D* D3D
4.4228 4.286 3.872 3.730 3.872 4.014 4.326

Dle: Dles D;D.s DSDS D:Ds D:D; D25D5
4.572 4.428 4.081 3.972 4.081 4.224

Table IV: BESIII masses and widths (in MeV) of
resonances in the mass range from (4160) to 1(4415).
1(4260) and 1(4360) are considered to be established by

the PDG, 1(4230) and 1(4390) not.

4391.5753+1.0
4383.844.2+0.8

139.5738240.6 7 7 h.(1P) [23

$%(4390)
84.2412.542.1 7t7r " (29)

PDG Mass Width Decay Ref.
42184752409  66.073%%*404 nTa"h.(1P) [23]
¥(4230) 4230+8+6 3841242 wxeo(1P)  [24]
4209.547.4+1.4  80.1424.64+2.9 77 +(2S) [25]
$(4260) 4222.043.141.4  44.144.342.0 7 7 J/y  [20]
4228.6+4.1+£5.9 77.14£6.846.9 7TD°D*"  [22]
¥(4360) 4320.0410.44+7.0 101.47352410.2 7w~ J/y  [20)
23]

[125]

Table V: Measurements on X (3915) and x.2(3930)

Reaction Mass Width 'y - T /Tor
X(3915) vy — wJ/v 39184419 2045 544 9eV
Xc2(3930) vy — DD 3927.2+2.6 2446 210+ 40eV

close-by is the X(3915) which was formerly identified
with x.0(2P) since the analysis favored JF¢ = 0+,
Table [V] collects the relevant information on X (3915)
and x.2(3930). In Ref. [33] it was shown, however, that
X (3915) may also have J'C = 2+* quantum numbers
when the helicity-2 dominance assumed by BABAR is
no longer imposed. Thus, the two states may be one
single x.2(2P) state with a large molecular component
(although current data seems to be compatible with this
assignment only if there are large violations of spin sym-
metry [34]). Assuming that there is one state only, we
evaluate the ratio of branching fractions

Bx2(2P) = wJ /v
Bxe2(2P) — DD

= 0.26 +0.07 (2)

The OZI-rule-violating decay into w.J/v is seen with a
large branching ratio. The threshold for the first S-wave
decay into open charm, into D*D*, is with 4014 MeV
quite far away.

The x.1(3872) has unconventional properties. Its mass
of 3871.69+0.17 MeV coincides exactly at the sum of the
D° and D** masses (3871.68+0.07 MeV) and falls below
the sum of the D~ and D** masses (3879.91+0.07 MeV).
Hence it decays into D°D*0 but not into D~ D*t. Its
branching ratio for v (25) is with 4% significantly larger
than its branching ratio for v.J/1 which is well below 1%.
Its probably most striking feature is, however, that it
decays almost equally often into the isovector final state
J/ymrTr~ and into the isoscalar J/1w final state [32],



Table VI: Charmonium states with isospin I = 1 and the discovery reaction and decay. Close-by thresholds are given
with the corresponding partial wave. Yes/no indicates if a state is considered to be established or not by the PDG.

I9(JPC) Mass (MeV) Width (MeV) Production Main decay Threshold Wave Establ. Ref.
Z:(3900) 17 (17) 39184+ 1.9 20+5 ete™ at 4.26 GeV mJ/Y DD* S yes  [I
X (40200 1(?77) 4024.1+1.9 13+5  efe at 3.9-442GeV  nth.° D*D* S yes [
X(4050)F 1-(2"*) 405172 82159 B - K~X*  a%fyxa(1P)* D.D; P no [
X (4055)F 1H(?"7) 4054 +£3.2 45+13 ¥ (4260) — TX m=p(28)  DyD: S no [
X(4100)~ 1F/17 4096 + 20753 152 4 58752 B — Ktn~ X =7 ne 30 effect [40)
Z.(4200) 1T(177) 419673 3701199 B - K~ Xt 7 J/ D:D: P no [
Reo(4240) 11(077)° 4239730 2207220 B - K—Xx* m=(28) DD P no [
X (4250)F 17(?°%)  4248TL° 1777320 B - K~ Xt 7Exa(1P)* D1 D* S no ]
Z.(4430) 1T(1F7) 4478713 181 £ 31 B - K~ Xt w1h(28) DgaDs P yes [

“ Seen in all three charge states.

® Seen in [41], not seen in [42]

¢ The exotic 07~ quantum numbers are favored over 17~ by one &

with
Bxc1(3872) = wJ /9
Bx1(3872) = wtn=J/¢

= 0.8+0.3. (3)

Above this mass, two further 11+ states were re-
ported, x.1(4140) and x.1(4274). Both are seen in
BT — J/yp¢K* decays, the former state by several col-
laborations [35H39] (only the latest reference of the col-
laborations are given here), the latter one by CDF [3§]
and LHCb [39].

The LHCb paper [39] is based on the largest data
sample. The amplitude analysis of the reaction Bt —
K*¢J/¢ and ¢ — KTK~ included the known excited
kaon and four w.J/vy resonances. The two lower-mass
w.J /1 resonances gave the best fit for J©¢ = 17+ the
two at higher masses were found to have JF¢ = 0*+.
The results are listed in Table [VIIl The two scalar states
are not listed in the PDG summary list.

Isovector states with decay products having hidden
charm like J/% or h. and/or open charm can obviously
not have a pure c¢¢ component in their wave function as
they carry exotic quantum numbers. The observations
are listed in Table [VI] Three of these states are accepted

Table VII: Masses, widths (in MeV) and quantum
numbers of ¢.J/1) resonances from Ref. [39] and possible
spectroscopic interpretations.

Ye1 (4140) xe1(4274) xc0(4500) X0 (4700)

Mass ~ 4146.5  4273.3 4506 4704
Ostat, Osyst +4.5755 £837172 411712 +1075]
Width 83 56 92 120
Ostat; Osyst £21720 1178 421720 431732

Xe1(3P)  Xe1(4P)  Xeo(5P)  Xco(6P)

by the PDG. Two of them are 17~ states and are there-
fore called Z.(mass). Most probably, the third accepted
state, X (4020) with I = 1% has also J¢ = 17~ quan-
tum numbers.

One state — seen in its w(2S) decay — is called
R.((4240). Its quantum numbers 17 (0~ ~) are preferred
over 1(1%7) by one standard deviation. This is presum-
ably insufficient to claim a new resonance, and we com-
bine this observation with Z.(4200). Masses and widths
are compatible with this identification. In the following
section we discuss the implications of their existence from
the three different points of view introduced above.

IV. DISCUSSION

In this section we now discuss the three views intro-
duced in the introduction in the light of the mentioned
experimental observations.

A. Consequences of View I

In this view all states near and above the first heavy
open flavor S-wave threshold with matching quantum
numbers are classified as molecular states. We begin
the discussion with the charged states. The lowest ly-
ing charged states have J©¢ = 17~ (Z.(3900), Z.(4020),
Z,(10610) and Z,(10650)) and are consistent with be-
ing molecules formed by a pseudoscalar and a vector
or two vector mesons, respectively. Moreover, each one
of them is located very close to one of the four thresh-
olds, DD*, D*D*, BB*, B*B*. A problem occurs with
Z.(4430): This state has the same JP¢ as the ones men-
tion, however, it is well above the lowest S—wave thresh-
old. Thus, within View I the only possible explanations
for the Z.(4430) are that it is either a kinematic effect,
as proposed in Ref. [43], or a P—wave molecular state



composed of DD as proposed in Ref. [44].

As soon as we accept that the Z—states are of molecular
nature, we also expect molecular states to occur in the
isoscalar sector. One argument in support of this is e.g.
that for the exchange of an isovector particle like the pion
or the rho meson between two isospin 1/2 states one has

lforI=1

4
—3for =0 (4)

<II?,|T1 -T2|IIg> = {
In addition, when the C parity gets switched the central
part of the potential acquires an additional sign. Thus,
if isovector exchanges contribute to a relevant amount to
the binding of the Z-states with I = 1 and J©¢ = 11—,
then one should expect that they also generate isoscalar
bound states with J¥¢ = 17, since the resulting inter-
action is attractive in both channels and it is even a factor
3 stronger in the isoscalar one — in this sense Z.(3900)
and x.1(3872) would be very close relatives. Accordingly,
it should be possible to produce both with an analogous
mechanism. This observation was employed in Ref. [45]
to predict that x.1(3872) must be copiously produced
in ete™ — vx.1(3872) given that Z.(3900) was found
in efe™ — Z.(3900)7 — a prediction confirmed exper-
imentally at BESIII [46] — these transitions might well
be favored also by a possible molecular structure of the
source state for the transition, 1(4260), (see discussion
below) [47] and by some kinematical enhancement [48].

However, there should not be an isoscalar 17+ state
near the D*D* threshold as a relative of the Z.(4020),
since D*D* in spin 1 S-wave has a negative Cparity.
Moreover, i f single isovector exchanges, like one-pion ex-
change, provide the most important contribution to the
binding of the Z-states via the central potential (that
drives the S wave to S wave transitions), there should not
be any isoscalar bound states with J©¢ = 17~ or isovec-
tor ones with JP¢ = 17+ with the same constituents.
This is a non-trivial prediction from the molecular pic-
ture. It relies on the additional assumption that single
isovector meson exchanges provide an essential part of
the scattering potential that eventually leads to the gen-
eration of the molecular states. Up to date this prediction
is in line with observation, however, the recent analysis
of Ref. [19] revealed that the most important contribu-
tion of the one pion exchange contribution comes from
the S — D transition driven by the tensor force. Since
this piece enters quadratically into the binding poten-
tial in the S—wave, it appears to provide attraction in all
channels and the argument presented above should be
refined.

Heavy quark spin symmetry allows one to predict addi-
tional states: At leading order heavy quark spin symme-
try one can construct two contact terms for the interac-
tion between the two ground state D—mesons. Moreover,
these contact terms appear in the same linear combina-
tion in the 1** channel and in the 27F channel [49].
Accordingly, the 11 state x.1(3872) located very near
the DD*-threshold should have a spin 2 partner. The
latter state, often called X5(4020) or — according to the

PDG naming scheme — x.2(4020), is located close to the
D*D* threshold. Once one-pion exchange is included
transitions from the D*D* S-wave with spin 2 to the
DD-D-wave become possible which can lead to widths
of a few MeV [51] to tenth of MeV [52].

While the data in the isoscalar states in the charmo-
nium mass range is insufficient to fix the two mentioned
contact terms the situation is different for the isovector
states. For example the heavy quark spin partners of the
7y, states were studied in Refs. [49] 50| (3] (4.

The interpretation of x.1(3872) as D*D molecule
suggests the existence of a D*D, molecule close to
4.081 GeV. However, the mass of the next heavier state
with JPC = 11+ is x.1(4140) at 4146.8 + 2.4 MeV. It is
thus located about 60 MeV above the mentioned thresh-
old. Thus a DD, molecular nature of this state is dif-
ficult to anticipate in particular since it would then pre-
dominantly decay into that channel which should lead to
a significantly broader width than the observed 20 MeV.
An alternative possibility could be a D D* bound state
whose threshold is located 80 MeV above the x.1(4140).
However, so far basically all calculations could get a state
in this mass range from D} D} only with J¢ = 0*+ or
2T+ — for a recent summary of the situation we refer
to Ref. [55]. In this work the structure called X (4160)
in the RPP is claimed to originate from the D*D? dy-
namics. As it stands, also the x.1(4274) — if confirmed —
seems incompatible with View I.

There is an interesting difference between the molecu-
lar picture and the predictions of the quark model al-
ready for the D®)D®) systems: While in the quark
model there exists for each radial excitation one state
with JP¢ = 1t~ in the molecular picture there are typ-
ically two, since both the DD* as well as the D* D* chan-
nel can couple to these quantum numbers in an S—wave.
This is the pattern already seen for the charged states,
however, so far not in the isoscalar channels.

Besides non-perturbative DD, D*D and D*D* inter-
actions, also non—perturbative interactions between Dq
or D} and D or D* mesons can lead to hadronic molecu-
lar states. Since the (Dy, D3) spin multiplet carries even
parity, those will have odd parity for S—wave interac-
tions. In View I one is thus obliged to interpret the 17—
states 1(4260) aka Y (4260), 1(4360) aka Y (4360) as well
as 1(4415) as DD, Dy D* and D3D* molecular states,
respectively [47, 56l 57]. This nicely explains why neg-
ative parity exotic candidates are about 400 MeV heav-
ier that their even parity partners: This mass difference
reflects the D;(2420)-D* mass difference. Accordingly,
the molecular picture predicts that exotic pseudoscalars
should be even heavier, since the quantum numbers 0=+
can only be reached in an S-wave with the constituents
D, D*, with a threshold yet another 140 MeV higher [56].
Moreover, one expects a clear signal of Y (4260) in the
DD*r final state since D*r is the main decay channel
of the D;. This signal was predicted in Ref. [26] and
confirmed recently at BESIII [22].

For the vector states, view I is summarized in Fig.
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Figure 3: (Color online) The 1. and T mass spectra in View 1. (Black) filled circles: 3S; QQ mesons; (blue) x’s:
Y (nD) QQ mesons; (green) y’s: D-wave Q@) mesons; (red) open circles: extraordinary states. Thresholds for the
lowest S-wave decays into B1 B or DD are shown by a pair of small vertical bars.

The QQ mesons are represented by (black) filled circles
or, for states assigned to D-waves, by (green) crosses, the
extraordinary states by (red) open circles. The thresh-
olds for the lowest S-wave decays into B1B or DD are
shown by a pair of small vertical bars. One state below
this threshold and all states above are classified as ex-
traordinary states. In this view the ¢ (4660) aka Y (4660)
is to be seen as 1(25) fo(980) molecular state [2§], since it
is located right at the corresponding threshold. A non-
trivial prediction that emerges from this assignment is
the existence of a spin partner of the Y (4660) — a bound
state of 1.(25) and f,(980) [58].

Unfortunately within a hadronic effective field theory it
is not possible to make the relation between the molecular
structures in the bottomonium sector and those in the
charmonium sector quantitative [59]. It therefore appears
not possible to predict the spectrum of exotic bottomonia
from the rich spectrum of charmonia.

A very interesting aspect that comes with the molecu-
lar assignment is the role of the heavy quark spin in de-
cays: In the heavy quark limit the spin of the heavy quark
decouples from the system. In addition, in ete™ colli-
sions that lead to final states which contain a heavy quark
and its antiquark, the heavy quark-antiquark pair is pro-
duced directly at the photon vertex in spin 1 to avoid the
need to generate heavy quarks via gluonic interactions
— a process suppressed as a result of asymptotic free-
dom. Accordingly one would expect to see in reactions
like ete™ — (QQ)27 the QQ pair by far predominantly
in a spin one state. For the low lying heavy quarkonia
this is indeed the case — for example the branching ra-
tio T(3S) — Y(28)n 7~ is with 4.4% more than two
orders of magnitude larger than the upper bound for
Y(3S) — hy(1P)rTn~ currently quoted as 1.2 x 1074,
In contrast to this the 7, states decay equally often into
spin 1 and spin 0 final states. This pattern finds a natural
explanation in the molecular picture where [16]

Z(10610) ~ B*B — BB* = — (07, ® 15, — 1= ©0),

Sl

* % 1 — — — —
B*B =5 (qu ® IEb +1lg® OEb) (5)

Z,(10650) ~ >

The Z, states were observed in the decays of T(10860)
which is far way from an S—wave threshold with match-
ing quantum numbers. Interestingly the data in the hy7w
final states accordingly are non-vanishing only near the
Z, peaks, for apparently in this case the Z;, intermedi-
ate states are necessary to populate the final state with
heavy quark spin equal to 0. This picture is supported
by the fact that in the related Y (nS)m spectra there is a
lot of strength even outside the Z;, peaks. The situation
is very much different in case of the decays of Y (4260):
While this state is also seen in both h.nm and J/ymm
final states with similar strength, here even in the data
with an h. in the final state there is a lot of strength
observed also outside the Z. peaks. This could be inter-
preted as an indication of a D1 D molecular nature of the
Y (4260), since [60]

1 V5 1

~ 2\/51/111 + 2\/51/112 + 2¢017 (6)
where 917 = 15 ® er+ and o1 = O;IJF ® 1{7 where
H and L stand for the heavy and light quark-antiquark
pair. The analogous argument applies for Y (4360). The
presence of light quarks in the wave function for Y (4260)
finds further support in the analysis of Ref. [61].

— D.D)

B. Consequences of View 11

We start the discussion of View II with x.1(3872)
aka X (3872). In this view, this state is identified with
Xc1(2P). The view does not deny that X(3872) has a
large D*D component: its mass happens to be close to
the sum of the D*® and D° masses and is synchronized
to match the exact mass [62]. The c¢ pair creates a dd
pair thus dressing the cé core with a D*D° cloud. The
pole leads to a strong S-wave attraction between the D*0
and D° mesons. However, only one resonance is formed.

One might think that a hard c¢ core of x.1(3872)
is needed to explain its copious production in hard
processes in pp collisions at 1/s=1.96 TeV [83] and at
7TeV [84]. This reasoning is put forward in Refs. [S5HSS)]
but was criticised in Refs. [89-04]. At this point in time



it is fair to say that there is no consenus in the literature
wether or not large momentum transfer reactions can act
as a filter to states with quark—anti-quark cores.

Using QCD sum rules to calculate the width of the
radiative decay of the x.1(3872) meson, the authors of
Ref. [958, 96] conclude that the X(3872) is approximately
97% a charmonium state with a 3% admixture of D°D*0
molecule (~ 88%) and a D*D*~ molecule (~ 12%).
This result is basically reproduced in Ref. [97]; the au-
thors discuss the intrinsic uncertainties in their calcula-
tions and underline that the cc part of the state plays
a very important role in the determination of branching
ratios. The authors of Ref. [08] study the B — KDD*
and B — KJ/¢ntn~ decay processes and claim that
X (3872) is mainly a ¢ resonance with a small contribu-
tion generated by DD* final state interaction. In [75} [76],
the x1(3872) is estimated to have a strong molecular and
a 10-30% c¢ component. From a study of radiative de-
cays, the authors of Ref. [T7] conclude that a wide range
of c¢ versus molecular components is consistent with the
data. However, in Ref. [7§] it is pointed out that it is im-
possible to quantify the impact of the short-range contri-
butions in an effective field theory based on hadrons and
radiative decays of the x.1(3872) are sensitive to this part
of the wave function. The radiative decays can hence not
be used as an argument disfavoring the molecular view
but the molecular view can — based on the same argument
— not rule out a significant QQ core.

The next state with JP¢ = 17+ above y.1(3872) is
Xe1(4140) which is seen only in its decay into J/1d.
In View II, it is interpreted as x.1(3P), followed by
Xc1(4274) as xe1(4P). In View I, x.1(4274) can possi-
bly be understood as a bound state of D:D* [19]. In
View II, it has a c¢ core but could be dressed by a D} D,
cloud.

View II identifies the x.2(3930) state with x.2(2P).
Likewise, the x.0(3860) candidate is interpreted as
Xc0(2P) state. Both resonances fall just in between im-
portant thresholds at 3730, 3972 and 4014 MeV.

If X (3872) can be identified with x.1(2P), we can ap-
ply the center-of-gravity rule to predict the mass of the
h.(2P). The center-of-gravity rule of Eq. proved to
be well satisfied for bb mesons in the 1P and 2P level
and for ¢¢(1P) mesons. In Ref. [80] it is argued that the
center-of-gravity rule of Eq. can be used as a diag-
nostic for QQ states. Since only three states in the 2P
level are known, x.2(3930), xc1(3872), x0(3860), we can
use Eq. only to predict the h.(2P) mass and find

My, (2py = (3900 £ 10) MeV. (7)

In View II, we thus require the existence of one and
only one 17~ state at a mass of about 3900 MeV. This is
in line with Ref. [75] [76]: The authors identify x.o(3862),
Xc1(3872), and x.2(3930) with the x.(2P) states and cal-
culate the h.(2P) mass to 3902 MeV.

This is clearly a different prediction compared to what
emerges in the molecular picture of View I, where, as
mentioned above, two 1t~ can (but don’t need to)

emerge, one near to the DD* threshold (and thus close
to 3900 MeV) and one close to the D*D* threshold at
4020 MeV.

Mass, production and decay modes of X(3940) are
compatible with an assignment to 7.(3S) but its quan-
tum numbers have not yet been determined. As a pseu-
doscalar state, it is compatible with View I and View II,
since the lowest relevant threshold is much higher than
3940 MeV.

Now we turn to the vector states. Figures [ and
compare the spectrum of Y states with that of i states
in two different realisations of View II. First we discuss
their common features.

T(2S5) has a mass 563MeV above Y(1S5), 9(25) is
found 589 MeV above J/1. T(3S5) is situated 331.5 MeV
above Y(25). We thus expect the ¥(3.5) state just above
4035 MeV. Indeed, a ¥(4040) exists. In the quark model,
we interpret this state, due to its mass and decay modes,
as ¥(35). The quantum numbers I¢(JF¢) = 0= (277)
were suggested for ¢2(3823) and Y2(1D), but both need
confirmation. If confirmed they seem to be related and
12(3823) is likely 12(1D). The (3770) state is close
in mass to 15(3883); in the quark model it can be as-
signed to the 1(1D) state, likely with some mixing with
1(2S). Above this mass, the two scenarios differ. The
first scenario assumes that ¢(4260) and 1(4360) are not
real resonances, the second scenario assigns the two res-
onances to the series of ¢(n.S) and ¥(nD) resonances. In
both scenarios ¢(4415) is assigned to the ¥(nS) series
and interpreted as 1 (4S) in the first, as (55) in the
second scenario.

First scenario: Y(4S) is situated 224 MeV above
T(3S5). We may thus expect 9(45) at about 4300 MeV.
There are claims for four states close in mass, see Ta-
ble m Their masses could be acceptable, however, as
states with a large QQ component at the origin, one may
expect that their ete™ decay width should be larger; the
decay modes of these states are completely unexpected.
Possibly, none of them is the (4S). Hence we first try
to identify 1(4415) with ¢ (4.5).

Table [VITTl collects some results on vector charmonium
states. In an R scan above 1(25), the BES collaboration
observed four further states, 1(3770), ¥(4040), 1 (4160),
1(4415) [81]. While ¢(3770) decays predominantly into
DD, the other mesons, including 1(4260) and (4360),
have a large number of decay options. However, none of
them listed by the PDG with a finite branching ratio, ex-
cept of the (10£4)% for the ¥(4415) — D3 D decay [82].
Apart from the “stable” J/v¢ and ¥(25), the total widths
of these states have a similar magnitude. The e*e™ par-
tial decay widths decrease steadily for the states assigned
in Table [VITI] to the nS series; states assigned to the nD
series have somewhat smaller eTe™ partial decay widths:
The density of the wave function near the origin decreases
with n and is smaller for D-wave states. The relatively
large value for ¥(4160) may indicate a significant 35 con-
tribution.

The (4415) fits into this series, and based on Ta-
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Figure 4: The 1. and T mass spectra in View II. The 1(3770) and (4160) are interpreted as ¢(1D) and ¢ (2D) and

marked by (blue) x’s, the two states with JF¢ =2~

by (green) y’s. The 1(4040) and 1 (4415) states are

interpreted as 1(35) and 1(4S). The 1(4260) and 1(4360), mostly interpreted as unconventional states, are
suggested to be generated by an interplay of interference effects and threshold singularities. At this stage the
T(11020) does not fit into the scheme. Note that the PDG mass values sometimes differ significantly from the mass
given in the name of a state.
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Figure 5: The 9. and T mass spectra. The 1(4040), 1(4260), and 1»(4415) have masses which suggest that there
should be identified with 1(3S) to ¥(5S5), they are marked by filled circles. The 1(4160) and 1 (4360) are marked
with (blue) x’s and identified with ¢/(2D) and 9 (3D). JFY = 27~ states are shown by (green) y’s. The
identification of 1(4660) and Y (11020) is open.

Table VIII: Charmonium states with J¥¢ = 17~ in the
first scenario of View II.

State Ftot F6+67
J/ 0.0929+0.0028 MeV 5547 eV (1S

Assigned

)
$(2S)  0.29440.008 MeV 2331 eV (25)
P(3770) 87.0440.35 MeV 261 eV  1(1D)
$(4040)  80+10  MeV 850 eV  (35)
$(4160)  70+10  MeV 483 eV 1(2D)
P(4415) 62420 MeV 580 eV (4S)

ble we are tempted to interpret this state as QQ.
When its mass is compared to Y(45), it seems to have
too high a mass. On the other hand, its mass is just on
the D41 D, threshold and close to the DyD* threshold.
A threshold is known to attract the pole position [62]
— the possible impact of the hidden strangeness chan-
nel on the 1(4415) is discussed in Ref. [99]. Hence it is
not unreasonable to identify 1)(4415) with ¢(4S5). Due to
its mass at the D,; D, threshold it develops a significant
molecular component [47, [56] which dominates the decay

modes. However, in View II it owes its existence to its
QQ core.

There are eight observations of resonances with iden-
tical quantum numbers claimed in the mass interval be-
tween 4200 and 4400 MeV. Even if we combine five of
these observations to two states (see Table , the den-
sity of states is rather high. The peak cross sections for
1(4160) and 1(4415) are about 15.000 pb, with signifi-
cant interference between the two states [20]. The cross
section for ete™ — 1(4260) and 1(4360) — J/ymTm™
is with at most 80pb less than 1% of the cross section
for 1)(4160) and ¢(4415). A possible explanation for the
structures called 1(4260) and (4360) within View II
could be that the two resonances 1(4160) and 1(4415)
both have a small coupling to OZI violating final states.
In Ref. [I00] it is shown how interference effects can
then lead to the observed structures in the absence of
true resonances. The authors of Ref. [100] suggest that
only 1(4220) might survive as a resonance. However, the
best estimate for the mass of 1(4160) is 4190 MeV, just
30 MeV lower than the mass of the conjectured (4220).
These two observations may hence be one single state.

There is an important caveat: The fits of Ref. [100] re-
veal that the existing data in the h.7mm and J/¢7m chan-



nels can be described only, if one allows for a huge viola-
tion of spin symmetry which appears not to be natural.
Moreover, the analysis of Ref. [I00] introduces a strong
non-resonant background, also with large spin symmetry
violation and fine tuned in each channel to suppress the
true resonance signals at the resonance locations. Never-
theless, the analysis shows that there might be solutions
in which the states between 1(4160) and (4415) are not
needed. We remind the reader that there are very sig-
nificant thresholds between 4100 and 4500 MeV: S-wave
decays into DD are open at 4286 MeV, into Dy D, at
4428 MeV; P wave decays into D Dy open at 4.081 MeV,
into D1 D* at 4228 MeV. A coupled-channel analysis of
all final states with proper evaluation of all kind of sin-
gularities is missing. Possibly, there is no state at all
between 1(4190) and 1(4415).

Second scenario: An alternative interpretation of the ¥
mass spectrum within the QQ quark model was given in
Ref. [I08] where the 1(4260) was interpreted as ¢(4S5),
the 1)(4360) as ¥(3D) and (4415) as ¥(5S). Figure
shows that interpretation. The excitation energies of
the low-mass charmonium system are increasingly larger
than those in the bottomonium spectrum, while the op-
posite pattern is observed at higher masses. This looks
unnatural. We emphasize, however, that the identifica-
tion of ¢ (4260) with ¢(45), of 1(4360) with ¢»(3D) and of
1(4415) with ¥(55) is an over-simplification. All states
can mix: Ref. [I05] gives a fit to data assuming that the
4S and 3D states mix to form (4260) and 1 (4360) and
the 55 and 4D mix to form the 1(4415) and a hypothet-
ical ¥(4500). Further, all states may contain a molecular
component. View II just claims that these states have a
cc seed and that this seed is decisive for the existence of
these states.

The first scenario is approximately compatible with
quark-model calculations using the Cornell potential; the
second scenario is compatible when a screened potential
is used. This is discussed in Section [VIL

In quark models with QQ states only, charged heavy-
quark states are not admitted. In View II the structures
seen in isovector channels are not regular resonances with
a pole in the S—matrix. The Z. and Z, states would have
to be produced via perturbative rescattering in the final
state. At present, this possibility is not (yet?) ruled out.
A softer version of View II forbids only hidden exotics but
allows for states beyond the quark model which cannot
be reduced to QQ, which means that they have quantum
numbers not accessible to QQ.

The Y(10860) could decay into B* B where the B*B
system rescatters into Y(nS)m when B* and B are in S-
wave and have little relative momentum. It was shown
in Ref. [65] that rescattering can produce a loop in an
Argand diagram. In various works, several of the XY Z
states are suggested to be only a kinematical enhance-
ment [I7, I8 [66H72]. A newly created c¢ pair has a strong
affinity to decay into a pair of (possibly excited) D or Dy
mesons. There are a few D /D, mesons which are narrow,
so that rescattering is possible. The thresholds for the
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production of a pair of narrow charmed mesons are given
in Table[[T]} The X (4100) has no close-by threshold but it
is seen only as effect with three standard deviation signif-
icance. Also Z.(4430) has no close-by S-wave threshold
but is seen as a clear signal. There are two thresholds
close to its mass, for D1D* and Dy D, but in S-wave
they belong to 0~ and 17~ quantum numbers. Still, as
mentioned above, this state could have emerged from a
triangle singularity [43].

The authors of Ref. [(3] study possible scenarios for the
related Z.(3900) which might be a compact QCD state,
a virtual state, or a kinematical enhancement. The au-
thors conclude that current data are not precise enough
to distinguish between these hypotheses. In Ref. [74] it
was demonstrated that in particular the channel that is
related to the nearby threshold is sensitive to the pres-
ence or the absence of a pole. Thus here, experiment will
eventually be able to tell the difference. The reasoning of
Ref. [74] was questioned in Ref. [72]. There, however, dif-
ferent physics drives the structures in the near-by channel
and the others: Formfactors in the former, cusps in the
latter. This is not only unsatisfying, it also leads to the
prediction that there should be similar structures near
each S-wave threshold which does not seem to be the
case. But given the controversy in the literature one may
conclude that at present there is no forcing evidence that
genuine isovector states with a normal pole structure in
the complex scattering plane exist.

V. CONSEQUENCES OF VIEW III

In the previous sections we have seen that both View
I and View II have problems with certain states in the
spectrum. Some of those problems might get resolved
with the appearance of better data, but some might not.
We would therefore like to now confront the current data
situation with View III, which allows for the co-existence
of molecular states and quark model states. In the lit-
erature there are various model calculations that try to
capture this view — see, e.g., Ref. [I07] and references
therein.

To get a physics understanding of how such an inter-
play of different structures could emerge in QCD we could
start from the large N, limit of QCD [109]. In this limit
there exist infinite towers of stable QQ states (and even-
tually also tetraquarks which were added to the discus-
sion in Ref. [I10]). As one then starts reducing the num-
ber of colors gradually, the coupling of the quark model
states to two—meson states grows. Accordingly the states
above the two hadron—threshold acquire a finite life time.
It was demonstrated in Ref. [IT] in a toy model with only
one continuum channel included that, as one increases
the coupling further, something unusual happens (anal-
ogous results were reported earlier in Ref. [I12]): While
most of the states get stable again and end in the limit
of very large couplings again at masses similar to the
original ones, typically one state very strongly couples to



the continuum channel. The latter kind of state might
be viewed as a molecular state while the others preserve
their QQ nature, however, with changed decay patterns.
The calculations in Ref. [IT1] were performed for a fixed
number of input quark model states, however, the pat-
tern was observed independent of the number of states
involved. In particular: the state that showed a very
strong coupling to the continuum was a mixture of all
other states included regardless of their distance to the
actual pole location. Such a collective phenomenon might
indicate the onset of significant t—channel exchanges for
the binding potential — after all quark hadron duality
indicates that an infinite sum of s—channel poles can be
mapped onto an infinite sum of ¢-channel poles. At the
end this provides an understanding how it could be pos-
sible that there is a coexistence of quark model states
and molecular states with nearly no cross talk between
the two groups.

View III admits the possibility that x.1(4274),
Xc0(4300), Xc0(4500) could exist as quark model states
even in the presence of lower lying molecular structures.
Analogously, there could be quark model states in the
vector channel above 4.4 GeV even with Y (4260) and
Y (4360) being molecular states. At present the 1)(4415)
could be both — a DsD* molecular state as well as a
quark model state or a mixture of both. If indeed there
is a mechanism at work as revealed in Ref. [I11], any
quark model state that appears above an open S—wave
threshold should not decay into this channel. Accord-
ingly, one would expect rather narrow quark model states
even higher up in the spectrum.

VI. COMPARISON WITH MODEL
CALCULATIONS

View I suggests that the QQ should be screened; the
usual Cornell potential with a Coulomb part proportional
to as/r and a confinement part linearly rising with r
should be replaced by a Coulomb potential plus a term
that could be modelled by b(1 — e=#")/u. For small r,
the linearly rising potential is reproduced, for large r the
potential approaches a constant value.

Godfrey and Moats [I13] use the classical Cornell po-
tential to calculate the bottomonium mass spectrum; in
Refs. [63] [64] the quark-antiquark potential is supposed
to be flattened by replacing the linear part br of the Cor-
nell potential by a screened potential. The comparison
of the predicted mass spectrum with the experimental
masses from the PDG [I] in the vector channel

[ 9460 10023 10355 10579 10860 11020 MeV
[I13] 9465 10003 10345 10635 10878 11102 MeV
[63} [64] 9460 10015 10363 10597 10881 10997 MeV

shows discrepancies in the order of 27 MeV for [113] and
16 MeV for [63] [64]. Better agreement between experi-
ment and quark models is achieved when a screened po-
tential is used.

11

Table [[X]shows a comparison of the experimental mass
spectrum of charmonium states with predictions of se-
lected models. A comparison with a large number of
other models is shown in Ref. [106]. First we discuss
the predictions based on the Cornell potential [102] [T03],
which nicely fits to the first scenario of View II dis-
cussed above. The mean deviation of the prediction is
34 MeV [102] and 22 MeV [103]. In the models exploiting
the Cornell potential, the 1)(4040) state is identified with
¥(35), the ¥ (4415) state with ¥(4S5). Thus, the classic
Cornell potential reproduces with acceptable precision
the spectrum of resonances identified as QQ mesons in
View II. However, 1(4260) and t(4360) are missing. Ac-
cording to this scenario also the x.1(4160) should not
exist.

The results using a screened potential [63, [104] agree
with the experimental masses with similar accuracy. The
mean mass difference is now 26 MeV [104] or 29 MeV [63].
The 9(4S) is now expected at 4277 MeV (mean value of
the two models) and identified with 1(4260); the ¢(3D)
is expected at 4320 MeV and identified with (4360).
And the 1(4415) state, so far identified as ¢(4S5), now
becomes 1(55). The sequence of .1 (nP) states can also
be mapped with reasonable accuracy onto the experimen-
tally observed states. The screened potential provides a
natural interpretation of the vector states and accommo-
dates the x.1(4160). Hence it is somewhat favored.

This result can be used to argue in favor of View I and
in favor of View II: Screening is a concept inherent in
View I. At the first S-wave threshold, light quarks are
supposed to screen the QQ potential in a particular par-
tial wave. Indeed, the only physics reason for a flatten-
ing of the potential can be the presence of light quarks.
Thus states residing in the mass range where the poten-
tial already shows a significant deviation from the Cornell
potential already contain light quarks in their wave func-
tion. To more illustrate this point we remind the reader
of the Born Oppenheimer approximation: Here the po-
tential of the heavy nuclei in a molecule is calculated
first for the electrons in the presence of for static nuclei.
Once this potential is determined, one can calculate the
energy levels for the nuclei straightforwardly. Obviously
the electrons play a crucial role in the molecular bind-
ing. Something similar is happening here. The ideas of
the Born Oppenheimer approximation are transferred to
doubly heavy systems in Ref. [114] and worked out in
more detail in Ref. [II5]. On the other hand, from the
model parameters one derives that the maximum total
energy in the quark model — where light-meson loops are
neglected — is given by 13.193 GeV for the bottomonium
and 4.967 GeV for the charmonium system. These values
are far above the thresholds for the lowest S-wave decays
of the vector mesons. In view I, the opening of thresholds
should lower the flattening energy decisively. More def-
inite conclusions on the performance of screened poten-
tials and the emergence of molecular states can only be
drawn for calculations were the potentials flatten near the
S—wave thresholds and non—perturbative meson—meson



Table IX: Charmonium mass spectrum. The measured
masses (MeV) from the PDG [I] are compared to the
predictions from Ref. [I02] [103] using a Cornell
potential and with [63, [104] using a screened potential.
The states with masses in italic are not established.
Note that the interpretation of the states 1(4260),
1(4360), and 1(4415) is different. See text for

discussion.
n?5tL; name JPC| [0 [102) [103]| [1 [104] [63]
'Sy 7me(1S) 0777|2984 2982 2981|2984 2979 2984
2'So  7e(2S) 071|3638 3630 3639|3638 3635 3623
3'So  me(3S) 0771|8940 4043 3989|3940 3991 4004
1351 J/(1S) 1773097 3090 3096|3097 3097 3097
2381 (28) 1773686 3672 3686|3686 3673 3679
1®Dy 1 (1D) 177 |3773 3785 3783|3773 3787 3792
3251 (3S) 1774039 4072 4039|4039 4022 4030
25D 41(2D) 177 [4191 4142 4150|4191 4089 4095
4381 ap(4S) 1774421 4406 4427|4230 4273 4281
3*Dy (3D) 17| - - 4150|4368 4324 4317
5381 (5S) 17| - - - 4421 4463 4472
18P xe2(1P) 2771|3556 3556 3555|3556 3554 3553
2P, xe2(2P) 2777|3927 3972 3949|3927 3937 3937
1P xa(1P) 1713511 3505 3511(3511 3510 3521
2°P1  xe1(2P) 177(3872 3925 3906|3872 3901 3914
33P1 xe1(3P) 1774274 4271 4319|4147 4178 4192
1Py xeo(1P) 0771|3415 3424 3413|3415 3433 3415
2°Py  xe0(2P) 07T |3862 3852 3870|3862 3842 3848
1'"Pi he(1P) 1773525 3516 3525|3525 3519 3526
13Dy 92(1D) 277 (3822 3800 3795|3822 3798 3807

interactions are included on top.

The spectrum calculated using a screened potential is
in very good agreement with the second scenario in View
II. The screening energies are above the thresholds for
the lowest S-wave decays of all mesons considered here,
and the screening is felt only as a distortion of the mass of
the states: the distortion is small compared to the differ-
ence between screening energy and the mass of the states
involved. The mass of the highest-mass Y resonance is
shifted by 23 MeV, the gap to the screening energy is
more than 2GeV. The mass predictions for (4S5) for
the models with screened and unscreened potential differ
by 140 MeV, the mass gap from (4415) to the screen-
ing energy is 550 MeV. Thus, the screened potential is in
View II just a modification of the potential pointing at an
increasing role of light quarks but with heavy quarks still
playing a decisive role in the formation and dynamics of
the heavy quarkonia.
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VII. PREDICTIONS AND DATA NEEDED

The interpretation of the states often suffers from the
lack of data on decay modes. Several states are known
from one single — mostly exotic — channel like ¢.J/4),
7T 4h(2S) or wxep. Sometimes, one may guess that dif-
ferent sightings should be combined to a single resonance;
in these cases, coupled channel analyses are needed to
substantiate this possibility. In other cases, resonances
are seen only in one channel or in even a multitude of
channels like ¢(4415); but in the latter case, most de-
cay modes are seen only, and just two finite values for
branching ratios are given.

A decisive role for the interpretation is played by the
1¥(4260) and (4360) resonances. The experimental ev-
idence for these two states is strong and likely, they are
seen in many different channels. However, they are in-
compatible with the first scenario of the View-II QQ pic-
ture. There is the remote chance that these states might
be explained by dynamical effects due to threshold open-
ings and interference effects, but this is at present a pure
speculation. An indication that there are light quarks
relevant for the formation of these states is that they can
be described within a screened Q@ potential. This may
be an indication for a molecular character of the states.
However, the screening energy is rather large and the de-
viations from a Cornell-type potential may indicate only
the presence of molecular components in the wave func-
tion. Also the analysis of Ref. [61] calls for a significant
light quark component in the Y (4260).

Highly important are hence the eTe™ partial decay
widths. If ¥(4260), 1(4360), and 1)(4415) are the ¢ (4S5),
¥(3D), and ¥(5S) states, possibly mixed (second sce-
nario of View II), they should have a significant ete™
partial decay width. In this case, the observed decay
modes can represent only a small fraction of all decay
modes. High-statistics data of ete™ scans with many
reconstructed final states should be made. In View I,
little can be said, however, since eTe™ decays test the
short range behavior and that can not be quantified in
the molecular picture.

High-precision profile measurements of the line shapes
as suggested for the PANDA experiment provide sensitive
tests of the molecular character of states [I16]. However,
it needs to be studied which part of the wave functions
are probed by those profiles; a predominantly molecular
wave function at larger distances is possible in View I
and in View II.

Presumably, the final answer favoring View I or II
needs to come from the pattern of states. In the low-
mass region, resonances are found about 30 MeV below
a threshold. This observation allows us to speculate
about the existence of a series of states. The comparison
with quark-model calculations using a screened potential
shows that the density of molecular states could be larger
than the density of quark model states.

So far, no scalar resonance above x.o(1P) is established
and listed in the RPP Summary Table, three candidates



are reported at 3860, 4500 and 4700 MeV.

In View I, scalar resonances are in principle possi-
ble close to the DD, DyD,, D*D*, D*D? thresholds
at 3930, 3972, 4014, and 4224 MeV. The two lower-
mass scalar mesons should not have tensor partners.
The D*D*, D:D? thresholds could host both scalar and
tensor mesons. In View I, we may thus expect simi-
lar masses for scalar and tensor mesons at about 4014,
and 4224 MeV. Again, the number of possible molecular
states exceeds the number of quark-model states.

The two presently observed states, x.2(3930) and
Xc0(3860) are difficult to reconcile with these expecta-
tions even though one has to have in mind that x.0(3860)
is an unconfirmed state. Quark models predict a mass
splitting between tensor and scalar mesons of about 90 —
100 MeV for 2P states and 60 — 70 MeV for 3P states. At
the 2P level, the experimental mass difference is smaller,
68725119 MeV, but not incompatible.

There are three x.1 states above x.1(1P). The two
mesons X.1(4140) and x.1(4274) are difficult to accom-
modate in View I even though the lower-mass state can
possibly be interpreted as D D?* bound state [79]. Since
Xc1(3872) is interpreted as D* D molecule, one could (but
does not need to) expect a D*D, partner at 4081 MeV.
In View II, the masses of the x.; states are predicted
to fall in between the masses of their scalar and tensor
partners; this expectation holds true for x.1(3872) but at
present this expectation cannot be tested for the higher
mass states. Nevertheless, the next state is predicted to
have a mass of 4178 MeV, in fair agreement only with the
observed mass.

In View I, two h. states could be generated dynami-
cally from the D*D and D*D* interactions and should
show up close to their respective thresholds (although at
present there are not enough data to fix the potential
for the spin partners of the y.1(3872) aka X (3872) and
to predict if those states should really be bound states
or not). The quark model predicts the h.(2P) at about
3900 MeV as partner of x.2(2P) at 3930 MeV, x.1(2P)
at 3872 MeV, x.0(2P) at 3862 MeV. At the 3P level, the
mass of h.(3P) is expected in the 4150 to 4200 MeV mass
region.

The existence of isovector states Z., and Zj is in strik-
ing conflict with both scenarios of View II. The possibil-
ity that molecular states (or tetraquarks) exist in partial
waves not accessible to c¢ offers an (unsatisfying) escape.

VIII. SUMMARY AND CONCLUSIONS

Clearly at present we do not know, if meson-meson
interactions generate poles or if Q@ poles drive the non—
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perturbative part of the hadron-hadron interactions in
the quarkonium mass range. In this article we have ex-
amined these two different views in an attempt to iden-
tify experiments or analyses which may be able to decide
which view is realised in nature.

The isovector resonances that decay to states that con-
tain a heavy quark and a heavy antiquark (either as
quarkonium or as a pair of open flavor states) can cer-
tainly not be reduced to a simple QQ structure. Even
though these resonances could certainly be generated dy-
namically from their decay particles, the possibility so
far persists that they could be produced via perturba-
tive rescatterings in the final state and interpretations of
these states as kinematical enhancements cannot yet be
ruled out. Fortunately this issue can be resolved once
better data are available.

Precision experiments scanning the resonance region
in eTe™ annihilation should reveal the number of 1) state
and the electronic partial decay widths of the vector
mesons; this information can help to decide on the na-
ture of vector states above 4 GeV. Alternative interpre-
tations of 1(4260) and (4360) should be scrutinized. A
sensitive search for scalar and tensor mesons may shed
light onto the pattern of states. The molecular picture
of the high-mass states links these expected states to the
thresholds of opening channels which are partly identical
for scalar and tensor mesons. Quark models predict a
hierarchy: tensor mesons are higher in mass than their
scalar partners.

The molecular view allows for two h,. states in the 3800
to 4100 MeV mass range. The quark model suggests that
the masses should be 3900 MeV and between 4150 and
4200 MeV.

Finally, it may turn out that the concepts we learned
in heavy-meson spectroscopy are not easily extendable
to the physics of light quarks. Since for the heavy quark
sector QCD is probed in parts in its perturbative regime
with o being small, while its non-perturbative regime is
probed in the light quark sector, there is no guarantee
that the transition from the one to the other is smooth.
But there is still the hope that both fields can learn from
each other and that a common understanding will finally
emerge.
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