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Exclusive photoproduction cross sections have been measured for the process γp → pπ0[e+e−(γ )] with the

Dalitz decay final state using tagged photon energies in the range of Eγ = 1.275–5.425 GeV. The complete

angular distribution of the final state π 0, for the entire photon energy range up to large values of t and u, has been

measured for the first time. The data obtained show that the cross section dσ/dt , at mid to large angles, decreases

with energy as s−6.89±0.26. This is in agreement with the perturbative QCD quark counting rule prediction of

s−7. Paradoxically, the size of angular distribution of measured cross sections is greatly underestimated by the

QCD-based generalized parton distribution mechanism at highest available invariant energy s = 11 GeV2. At

the same time, the Regge-exchange-based models for π 0 photoproduction are more consistent with experimental

data.

DOI: 10.1103/PhysRevC.98.015207

I. INTRODUCTION

In general, there are properties of π0 that make this particle

very special for our understanding of quantum chromodynam-

ics (QCD). To name a few: it is the lightest element of all

visible hadronic matter in the universe; according to its qq̄

content the π0 has a mass much less than one would expect

from a constituent quark mass, m ≈ 350 MeV; and it has

an extremely short life time, τ ≈ 10−16 s. Its main decay

mode, π0 → γ γ , with a branching ratio ≈ 99%, played a

crucial role in confirming the number of colors in QCD and in

establishing the chiral anomaly in gauge theories. With all this

being said, the structure and properties of π0 are not completely

understood.

One of the cleanest ways to obtain additional experimental

information about the π0 is high-energy photoproduction on

a proton, as the incoming electromagnetic wave is structure-

less, contrary to any hadronic probe. Even after decades of
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experimental efforts, precise data of the elementary reaction

γp → pπ0, above the resonance region and at large values of

all Mandelstam variables s, t , and u, are lacking.

At the interface between the crowded low-energy resonance

production regime and the smooth higher-energy, small angle

behavior, traditionally described by Regge poles [1], lies a

region in which hadronic duality interpolates the excitation

function between these regimes. Exclusive π photoproduction

and π nucleon elastic scattering show this duality in a semilocal

sense through finite energy sum rules (FESRs) [2]. The con-

nection to QCD is more tenuous for on-shell photoproduction

of pions at small scattering angles, but the quark content

can become manifest through large fixed-angle dimensional

counting rules [3,4], as well as being evident in semi-inclusive

or exclusive electroproduction of pions, described through

transverse momentum distributions (TMDs) and generalized

parton distributions (GPDs).

The Regge pole description of photoproduction amplitudes

has a long and varied history. For π0 and η photoproduction,

all applications rely on a set of known meson Regge poles.

There are two allowed t-channel JPC quantum numbers, the

odd signature (odd spin) 1−− (ρ0, ω) and the 1+− (b0
1, h1)

Reggeons. Regge cut amplitudes are incorporated into some

models and are interpreted as rescattering of on-shell meson-

nucleon amplitudes. The phases between the different poles

and cuts can be critical in determining the polarizations and

the constructive or destructive interferences that can appear.

Four distinct Regge models are considered here.

An early model developed by Goldstein and Owens [5] has

the exchange of leading Regge trajectories with appropriate
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FIG. 1. (Top) (a) Missing energy EX (pe+e−) of all detected particles vs missing mass squared of the proton M2
x (p). (Bottom) Missing mass

squared of all detected particles M2
x (pe+e−) vs missing mass squared of the proton M2

x (p): (b) before applying the the cut on missing energy,

EX (pe+e−), (lower-top panel), and (c) after applying the cut EX (pe+e−) > 75 MeV (lower-bottom panel). The horizontal white dashed-dotted

line illustrates the 75 MeV threshold used in this analysis. The vertical white dashed-dotted line depicts the kinematic threshold for π+π−

production.

t-channel quantum numbers along with Regge cuts generated

via final-state rescattering through Pomeron exchange. The

Regge couplings to the nucleon were fixed by reference

to electromagnetic form factors, SU(3)flavor, and low-energy

nucleon-nucleon meson exchange potentials. At the time, the

range of applicability was taken to be above the resonance

region and | t |� 1.2 GeV2, where t is the squared four-

momentum transfer. Here we will let the t range extend to

large values of t in order to see the predicted cross-section dips

from the zeros in the Regge residues. Because even signature

partners (A2, f2) of the odd spin poles (ρ, ω) lie on the same

trajectories, the Regge residues are required to have zeros to

cancel the even (wrong) signature poles in the physical region;

these extra zeros are called nonsense wrong signature zeros

(NWSZs) [6]. While the dip near t ≈ −0.5 GeV2 is present in

the π0 cross-section data, it is absent in the beam asymmetry,

�, measurement for π0 and η photoproduction [7]. This is not

explained by the standard form of the NWSZ Regge residues.

Quite recently, Mathieu et al. [8] (see also Ref. [9]), used

the same set of Regge poles, but a simplified form of only

ω-Pomeron cuts. They show that daughter trajectories are

not significant as an alternative to the Regge cuts. However,

to reproduce the absence of a dip in η photoproduction at

t ≈ −0.5 GeV2 they remove the standard wrong signature
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FIG. 2. (Top) Peak of π 0 in the proton missing mass squared distribution for events with pe+e−(γ ) in the final state with missing energy

cut Ex > 75 MeV. The red solid line depicts the fit function (signal+background). (Bottom) Relative contributions of background. The red

arrow indicates the range of the M2
x (p) distribution used to select π 0 events.

zero, i.e., the NWSZ. Donnachie and Kalashnikova [10]

have included t-channel ρ0, ω, and b0
1 exchange, but not

the h1 Reggeon, all with different parametrizations from

Ref. [5]. They include ω, ρ ⊗ Pomeron cuts, as well as

ω, ρ ⊗ f2 lower-lying cuts, which help to fill in the wrong

signature zeros of the ω, ρ Regge pole residues. The model

of Laget and collaborators [11] included u-channel baryon

exchange, which dominate at backward angles, along with

elastic and inelastic unitarity cuts to fill the intermediate t

range.

With these ingredients, the model is expected to describe

the full angular range (θπ = 0 → 180◦), where θπ is the pion

polar angle in the cm frame, while the other models are

good for more limited ranges of t [5,8,10]. Here, we examine

how Regge phenomenology works for the energy range of

2.8 GeV < Eγ < 5.5 GeV.

In addition to Regge pole models, the introduction of

the handbag mechanism, developed by Kroll et al. [12], has

provided complementary possibilities for the interpretation

of hard exclusive reactions. In this approach, the reaction

is factorized into two parts, one quark from the incoming

and one from the outgoing nucleon participate in the hard

sub-process, which is calculable using perturbative quantum

chromodynamics (pQCD). The soft part consists of all the

other partons that are spectators and can be described in terms

of GPDs [13]. The handbag model applicability requires a hard

scale, which, for meson photoproduction, is only provided

by large transverse momentum, which corresponds to large

angle production, roughly for −0.6 � cos θπ � 0.6. Here, we

examined how the handbag model may extend to the γp →
pπ0 case proposed in Ref. [12]. The distribution amplitude for

the quark+antiquark to π0 is fixed by other phenomenology

and leads to the strong suppression of the production cross

section.

Binary reactions in QCD with large momentum transfer

occur via gluon and quark exchanges between the colliding

particles. The constituent counting rules [3,4] provide a simple

recipe to predict the energy dependence of the differential

cross sections of two-body reactions at large angles when the

ratio t/s is finite and is kept constant. The lightest meson

photoproduction was examined in terms of these counting rules

[14–18]. As was first observed at SLAC by Anderson et al. [14],

the reaction γp → nπ+ shows agreement with constituent

counting rules that predict the cross section should vary as

s−7. The agreement extends down to s = 6 GeV2 where the

contribution of baryon resonances are still sizable. Here, we

examined how applicable the counting rule is for γp → pπ0

up to s = 11 GeV2.

Earlier, untagged bremsstrahlung, measurements of γp →
pπ0, for 2 � Eγ � 18 GeV (1964–1979) provided 451 data

points for differential cross section dσ/dt [19], have very large

systematic uncertainties and do not have sufficient accuracy

to perform comprehensive phenomenological analyses. A

previous CLAS measurement of γp → pπ0, for 2.0 � Eγ �

2.9 GeV, has an overall systematic uncertainty of 5% but only

provided 164 data points for differential cross section dσ/dt

[20].

The results described here are the first to allow a detailed

analysis, bridging the nucleon resonance and high-energy

regions over a wide angular range, of exclusive pion photopro-

duction. By significantly extending the database they facilitate

the examination of the resonance, Regge, and wide angle QCD

regimes of phenomenology. The broad range of c.m. energy,√
s, is particularly helpful in sorting out the phenomenology

015207-4



EXCLUSIVE PHOTOPRODUCTION OF π 0 UP TO … PHYSICAL REVIEW C 98, 015207 (2018)

FIG. 3. Differential cross section dσ/dt of the reaction γp → pπ0 at polar angles of (a) 50◦, (b) 70◦, (c) 90◦, and (d) 110◦ in the c.m.

frame as a function of c.m. energy squared, s. The red (solid circles) are the current g12 CLAS data. The recent tagged photon data are from

[20] (black open circles) and [29] (magenta open diamonds with crosses starting from a threshold). The black solid squares are data from old

bremsstrahlung measurements [19]. The plotted uncertainties are statistical. The systematic uncertainties are presented as a shaded area in the

subpanel for each plot. The blue dashed line corresponds to the SAID PWA PR15 solution (no new CLAS g12 data are used for the fit) [29].

The black dot-dashed lines are plotted as the best-fit result of the power function s−n, with n = 6.89 ± 0.26, for the spectrum at 90◦. The pion

production threshold is shown as a vertical red arrow. The Regge results [5,11] are given by the black dotted line and the blue short dash-dotted

line, respectively.

associated with both Regge and QCD-based models of the

nucleon [21].

In this work, we provide a large set of differential cross

section values for laboratory frame photon energies Eγ =
1.25–5.55 GeV, corresponding to a range of c.m. energies,

W = 1.81–3.33 GeV. We have compared the Regge pole, the

handbag, and the constituent counting rule phenomenology

with the new CLAS experimental information on dσ/dt for

the γp → pπ0 reaction above the resonance regime. As will

be seen, this data set quadruples the world database for π0

photoproduction above Eγ = 2 GeV and together with the

previous CLAS measurement [20] constrains the high-energy

phenomenology well.

II. EXPERIMENT

The experiment was performed with the CLAS detector at

Jefferson Laboratory [22] using a energy-tagged photon beam

produced by bremsstrahlung from a 5.72 GeV electron beam,

impinged upon a liquid hydrogen target, and was designated

with the name g12. The experimental details are given in

Ref. [23]. The reaction of interest is the photoproduction

of neutral pions on a hydrogen target γp → pπ0, where

the neutral pions decay into an e+e−γ final state either due

to external conversion, π0 → γ γ → e+e−γ or via Dalitz

decay π0 → γ ∗γ → e+e−γ . Requiring three charged tracks

(p, e+, e−) allowed the experiment to run at a much higher

beam current than possible with single-prong detection, due to

limitations of the trigger and data acquisition.

III. DATA ANALYSIS

Particle identification for the experiment was based on β

vs. momentum times charge. Lepton identification was based

on a kinematic constraint to the π0 mass. Once the data was

skimmed for p, π+, and π− tracks, all particles that were

π+, π− were tentatively assigned to be electrons or positrons

based on their charge (for details, see Refs. [24,25]). After

particle selection, standard g12 calibration, fiducial cuts, and

timing cuts were applied in the analysis [23].

Different kinematic fits were employed to cleanly iden-

tify the γp → pe+e−(γ ) reaction. They were applied to

filter background from misidentified double-pion produc-

tion to the single-π0 production, to constrain the miss-

ing mass of entire final state to a missing photon and to

ensure that the fit to the missing photon constrained the

squared invariant mass of e+e−(γ ) = m2
π0 . The values of

the confidence levels cuts employed was determined using

the statistical significance to get the best signal-background

ratio. The confidence levels for each constraint were
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FIG. 4. Samples of the π 0 photoproduction cross section, dσ/dt , off the proton versus |t | above the resonance regime: (a) W = 2490 MeV,

(b) W = 2635 MeV, (c) W = 2790 MeV, (d) W = 2940 MeV, (e) W = 3080 MeV, and (f) W = 3170 MeV. The current data are indicated

by red solid circles and a previous CLAS measurement [20] by black open circles. The black solid squares are from Ref. [19]. The plotted

uncertainties are statistical. The systematic uncertainties are presented as a shaded area in the subpanel for each plot. Regge results [5,8,10,11]

are given by black dotted line, green dot-dashed line, magenta long dashed line, and blue short dash-dotted line, respectively.

consistent between the g12 data and Monte Carlo simulations.

Monte Carlo generation was performed using the PLUTO++
package [26].

The remainder of the background was attributed to

π+π− events. To reduce the background further, a com-

parison of the missing mass squared off the proton,

M2
x (p) = (Pγ + Pp − P

′

p )2, in terms of the four-momenta of

the incoming photon, target proton, and final-state proton,

respectively, and the missing energy of detected system,

EX(pe+e−) = Eγ + Ep − E
′

p − Ee+ − Ee− , was performed,

see Fig. 1. This comparison revealed that the majority of the

π+π− background has missing energy less than 75 MeV. To

eliminate this background all events with a missing energy less

than 75 MeV were removed.

The distribution of the proton missing mass squared for

events with pe+e−(γ ) in the final state is shown in Fig. 2.

A fit was performed with the crystal ball function [27,28]

for the signal, plus a third-order polynomial function for the

background. The total signal+background fit is shown by the

red solid line. The fit resulted in M2
π0 = 0.0179 GeV2 with

a Gaussian width σ = 0.0049 GeV2. To select π0 events, an

asymmetric cut about the measured value was placed in the

range 0.0056 GeV2 � M2
x (p) � 0.035 GeV2. This cut range

can be seen as the arrow in the bottom panel of Fig. 2 along with

the ratio of background events to the total number of events. As

shown in Fig. 2, the event selection strategy for this analysis

led to a negligible integrated background estimated to be no

more than 1.05%.
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FIG. 5. Differential cross section of π 0 photoproduction. The

CLAS experimental data at s = 11 GeV2 are from the current

experiment (red solid circles). The plotted uncertainties are statistical.

The systematic uncertainties are presented as a shaded area in the

subpanel. The theoretical curves for the Regge fits are the same as in

Fig. 4 and the Handbag model by Kroll et al. [12] (blue double solid

line).

IV. RESULTS

As mentioned above there are two subprocesses that may

lead to the same final state π0 → e+e−γ . Both subprocesses

were simulated in the Monte Carlo with their corresponding

branching ratios and used to obtain cross sections from exper-

imentally observed yield of neutral pions.

The new CLAS high statistics γp → pπ0 cross sections

from this analysis are compared in Figs. 3 and 4 with previous

data [19,20,29]. The overall agreement is good, particularly

with the previous CLAS data.

At higher energies (above s ∼ 6 GeV2) and large c.m.

angles (θπ � 90◦), the results are consistent with the s−7

scaling, at fixed t/s ratio, as expected from the constituent

counting rule [3]. The black dash-dotted line at 90◦ (Fig. 3) is

a result of the fit of new CLAS g12 data only, performed with a

power function ∼s−n, leading to n = 6.89 ± 0.26. Structures

observed at 50◦ and 70◦ up to s ∼ 11 GeV2 indicate that the

constituent counting rule requires higher energies and higher

|t | before it can provide a complete description. In Figs. 4 and 5,

the dσ/dt results are shown along with fits from Regge pole

and cut [5,8,10,11] models and the handbag [12] model.

Figure 5 shows that the new CLAS data are orders of

magnitude higher than the handbag model prediction by Kroll

et al. [12] for π0 photoproduction at s = 11 GeV2.

V. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties in this experiment are stemming

from different sources described below. One of them is due to

the uncertainties related to the simulation of photon conversion

and Dalitz branching ratio decay uncertainties, which total up

to 1%. The target density and length uncertainty was estimated

to be on the order of 0.5%. Another source of the uncertainty

is due to overall flux measurement and it was deduced to be

on the order of 6%. Cut-based systematic uncertainty due to

kinematic fit was on the order of 2%. The CLAS setup has

a sixfold axial symmetry. The sector-to-sector uncertainties

have been estimated to result in about (4.4–7.1)% depending

on kinematics of our measurement. The overall systematic

uncertainties of the experiment were below ∼12% and are

depicted as bands below the data in Figs. 3–5.

VI. CONCLUSIONS

In this experiment a novel approach was employed based

on the π0 Dalitz decay mode. Although this decay mode has

a branching fraction of only about 1%, the enhanced event

trigger selectivity enabled the figure of merit to be sufficiently

high in order to extend the existing world measurements into an

essentially unmeasured terra incognita domain. Through the

experiments described above, an extensive and precise data

set (2030 data points) on the differential cross section for π0

photoproduction from the proton has been obtained for the first

time, except for a few points from previous measurements, over

the range of 1.81 � W � 3.33 GeV.

The measurements obtained here have been compared to

existing data. The overall agreement is good, while the data

provided here quadrupled the world bremsstrahlung database

above Eγ = 2 GeV and covered the previous reported energies

with finer resolution. This new and greatly expanded set of data

provides strong confirmation of the basic features of models

based on Regge poles and cuts. There is sufficient precision to

discriminate among the distinct components of those models.

Guided by these data, extensions of models and improved

parametrizations are now possible.

From another perspective, the wide angle data agree with

the pQCD-based constituent counting rules. Yet, a significant

paradox now appears: the wide angle data disagree—by orders

of magnitude—with a handbag model that combines pQCD

with the soft region represented by GPDs. This is an important

result that needs to be better understood.
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