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We have evaluated pseudoscalar and scalar neutral pion photoproduction in �γ p → π 0 p and a0
0 p above the

resonance region and within Regge phenomenology. Our fit, including GlueX � pseudoscalar photoproduction
data, shows that previous Stanford Linear Accelerator Center (SLAC) � measurements for �γ p → π 0 p above
Eγ = 4 GeV vary substantially from SLAC data with more recent measurements made by GlueX in the vicinity
of Eγ = 9 GeV. The Regge model predicts that the beam polarization asymmetry � of the scalar meson
is opposite to that of pseudoscalar meson photoproduction; however, the cross sections are similar. While
the natural parity vector meson exchange is dominant in both cases, the contribution of the unnatural parity
pseudovector meson exchange is very small. Using Regge phenomenology, we predicted high-energy behavior
for double polarized observables E, F , G, and H for the reactions γ p → π0 p and a0

0 p.

DOI: 10.1103/PhysRevC.107.015203

I. INTRODUCTION

The nature of light mesons is still a subject of contro-
versy. The pseudoscalar, pseudovector (axial vector), vector,
and scalar sectors of light-quark spectroscopy remain poorly
understood. Various phenomenological models have been
suggested to describe the light mesons, and light meson pho-
toproduction dynamics is actively studied theoretically and
experimentally.

The dynamics of high-energy light meson photoproduction
has a long history (see, e.g., Refs. [1,2]). The recent devel-
opment of a theoretical framework [3–9] was stimulated by
measurements at the Thomas Jefferson National Accelerator
Facility (JLab), the ELectron Stretcher Accelerator (ELSA),
and Super Photon Ring-8 GeV (SPring-8) for pseudoscalar
[10–20], pseudovector [15], vector [21–25], and scalar [26,27]
meson photoproduction above the resonance region, where the
Regge model is applicable to describe the dynamics of the
light meson photoproduction.

The aim of this paper is to compare pseudoscalar neutral
pion (JPC = 0−+) photoproduction in γ p → π0 p and scalar
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neutral a0(980) (JPC = 0++) photoproduction in γ p → a0
0 p

in the vicinity of Eγ = 9 GeV.

II. BACKGROUND

Dynamically, a natural parity vector ρ and ω meson ex-
change holds the leading role in forward neutral pseudoscalar
π0 photoproduction, which leads, in particular, to +1 in �

beam asymmetry. Adding an unnatural parity pseudovector
h1(1170) and b1(1235) meson exchange reduces the � value.
We note that very little is known about these pseudovector
mesons [28]. The h1(1170) and b1(1235) Regge trajectories
are 1/2 unit below those of the ρ and ω, resulting in a s1/2

difference between vector and pseudovector meson exchange.
This means that contribution from h1(1170) and b1(1235) is
suppressed with increasing photon energy.

From vector meson dominance [29,30] ω exchange is ex-
pected to be the dominant mechanism for π0 photoproduction,
the cross section for which is characterized by a pronounced
dip at |t | ≈ 0.5 GeV2 (see, e.g., Ref. [23]). In a pure Regge
model, this is usually attributed to a nonsense wrong-signature
zero (NWSZ) for the ω residue [31], where the Regge trajec-
tory crosses zero at negative t.

Neutral scalar a0
0 photoproduction has four independent

helicity amplitudes, similar to that of the π0 [32]. These helic-
ities satisfy the same kind of parity relations up to the sign for
leading order (|t | / s) approximation. There are positive and
negative combinations of helicities that have definite parity in
the t channel. Thus, the Regge model will yield a simple +1
for π0 or –1 for a0

0 predictions for � beam asymmetry [2,33]
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FIG. 1. Differential cross sections for γ p → π 0 p [9]. Data are from SLAC [34] (black filled circles), DESY [35] (red filled triangles), and
Ref. [36] (blue filled squares). Samples of Regge calculations above 4 GeV, using the model in Ref. [9], are associated with item 1 (no GlueX
�s, red solid curves), item 2 (GlueX �s and no other asymmetry data, blue dash-dotted curves), and item 3 (no SLAC �s, blue dashed curves)
(see details in the text).

(see the Appendix for details). Overall, dσ/dt (unpolarized),
P , E, and F are unchanged signs while �, G, and H change
signs.

At high energies, the |t | dependency of the π0 differen-
tial cross section demonstrates a “diffraction” behavior. In
particular, the observed dip at |t | ≈ 0.5 GeV2 is visible in
several independent measurements from SLAC, Deutsches
Elektronen-SYnchrotron (DESY), and CLAS at Eγ = 3 to
15 GeV [18,34–36] (Fig. 1). One can see that differing Regge
approaches described cross sections quite well [2,4–9]. The
CBELSA differential cross section for a0

0 photoproduction at
energies above Eγ = 2 GeV shows similar |t | distribution [26]
[see, e.g., Fig. 3 (left) from Ref. [8]], as in the π0 photopro-
duction as shown in Fig. 1.

A similar dip at |t | ≈ 0.5 GeV2 in � beam asymmetry was
reported by SLAC at Eγ = 4, 6, and 10 GeV [34] (Fig. 2).
Note that there is no correlation between dips in differential
cross section and � beam asymmetry. Here, � is the linearly
polarized photon asymmetry. Let us note that all previous
theoretical calculations (before the JLab GlueX � data for
�γ p → π0 p were obtained [17]) were under the influence of
this dip at |t | ≈ 0.5 GeV2 in � beam asymmetries.

Recent GlueX � measurements have shown that this dip
is almost absent (or within uncertainties) at Eγ = 8.7 GeV
(Fig. 2). An analysis of previous SLAC measurements [34]
shows that the dip region in the SLAC data had serious back-
ground contributions from Compton scattering; it is plausible
that these data might be unreliable in the dip region: “Since
the experimental resolution was not sufficient to separate

π0 photoproduction from proton Compton scattering, it was
necessary to make a further correction by subtracting the
appropriate Compton contribution” [34], and the “extracted
π0 cross section in the dip depends very critically on this
correction. For example, at 15 GeV and t = −0.5 (GeV/c)2,
two-thirds of the observed yield is due to Compton scattering”
[34].

III. REGGE MODEL FITS

To evaluate this � case for �γ p → π0 p (i.e., why the energy
sequence from Eγ = 3 to 10 GeV is broken at 8.7 GeV), we
performed three fits for available unpolarized and polarized
data above Eγ = 3 GeV, using a Regge model [9], for com-
parison (results shown in Figs. 1–3).

(1) Differential cross sections from SLAC and DESY from
Eγ = 4 to 15 GeV [34–36], � from SLAC at Eγ = 4, 6, and
10 GeV [34], GlueX at Eγ = 8.7 GeV [17] and Cambridge
Electron Accelerator at Harvard/MIT (CEA) at Eγ = 3 GeV
[37]; T from the electron synchrotron at the Daresbury Labo-
ratory and DESY at Eγ = 4 GeV [38,39]; and P from CEA at
Eγ = 5 and 6 GeV [40] were fitted. Results look good except
the GlueX � in the Eγ = 8.7 GeV case.

(2) Then, we have attempted to fit recent values of GlueX
π0 � [17] in order to determine their effect on the Regge
approach. We fitted the same differential cross sections. No
SLAC � and Daresbury with DESY T and CEA P polarized
measurements were included in this fit. Obviously, the small
weight of the GlueX vs SLAC � data (Fig. 2) does not allow
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FIG. 2. Polarization observables � for �γ p → π 0 p. Data: SLAC [34] (black filled squares), GlueX [17] (red filled circles), and CEA [37]
(green filled triangles). Samples of Regge calculations, using the model in Ref. [9], are associated with item 1 (no GlueX �s, red solid curves),
item 2 (GlueX �s and no other asymmetry data, blue dash-dotted curves), and item 3 (no SLAC �s, blue dashed curves) (see details in the
text). Horizontal dotted lines correspond to |�| = 1.

one to feel comfortable with this fit because it does not predict
the T with P polarized observables (see, e.g., Fig. 3).

(3) Finally, we used differential cross sections from SLAC
and DESY; � from GlueX; T from Daresbury and DESY;
and P from CEA. No SLAC � polarized measurements were
included in this fit. It results in a good description of all
unpolarized and polarized measurements except predictions
for SLAC � (Figs. 1–3).

IV. RESULTS AND DISCUSSION

One can see that differential cross sections for both pseu-
doscalar π0 and scalar a0

0 photoproduction look similar, while
for the � observable, there is no exact mirror reflection (op-
posite) because the dynamics of pseudoscalar π0 and scalar
a0

0 photoproduction is different. The simple structure of �

for the latter reaction results from the production amplitude
consisting of only the natural parity exchange, whereas the
former reaction exhibits the nontrivial structure by the asym-
metry between the natural and unnatural parity exchanges.

The use of polarized targets in conjunction with polar-
ized beams allows a new set of measurements to be made

which can often be instrumental in differentiating between
various models. The target asymmetry, T , is a measure of the
azimuthal asymmetry when the target nucleon carries polar-
ization in a direction perpendicular to the beam axis. P , often
termed the recoil polarization observable, is a measure of the
induced polarization of the recoiling nucleon (see Fig. 4).

Using circularly polarized photons one can measure the
asymmetry with the proton target polarized along the beam
(E) or perpendicular to the beam in the reaction plane (F ).
The linearly polarized photon beam and a longitudinally
spin-polarized proton target allow access to G, while H is
determined from azimuthal asymmetries using measurements
with linearly polarized photons and transversely polarized
target nucleons. In the case of double-polarized observables
G and H, photons polarized at 45◦ to the reaction plane [2]
while now community does it for 90◦. It results in a flip of the
sign of quantities vs Ref. [2]. Figure 4 gives our predictions
for four of these polarized quantities.

The set of predictions shown is very model dependent
with a dominant role being played by the pole-cut phase rela-
tionship. As such, these measurements may provide sensitive
tests for different cut models. Without making any detailed
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FIG. 3. Polarization observables T and P for γ p → π0 p. Data: Daresbury [38] (red filled triangles), DESY [39] (blue filled squares), and
CEA [40] (black open squares). Samples of Regge calculations, using the model in Ref. [9], are associated with item 1 (no GlueX �s, red solid
curves), item 2 (GlueX �s and no other asymmetry data, blue dash-dotted curves), item 3 (no SLAC �s, blue dashed curves), and Ref. [5]
(black long dashed curves) (see details in the text). Horizontal dotted lines correspond to |T | = |P | = 0, 1.
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FIG. 4. Polarization observables E, F , G, and H at Eγ = 8.7 GeV (W = 4.15 GeV) for γ p → π 0 p (top) and γ p → a0
0 p (bottom). Samples

of Regge calculations using the Regge model [9] are associated with item 1 (no GlueX �s, red solid curves), item 3 (no SLAC �s, blue dashed
curves), and predictions using the model in Ref. [5] (black long dashed curves) (see details in the text). Horizontal dotted lines correspond to
|E| = |F | = |G| = |H| = 0.

comparisons, we can note the following feature. Any NWSZ
type model will have a peak in each curve at or near |t | ≈
0.5 GeV2 while a strong-cut model will give a zero for each
measurement near |t | ≈ 0.5 GeV2 (Fig. 4).

Polarization observables E, F , G, and H for γ p → π0 p
(γ p → a0

0 p) at 8.7 GeV are shown in Fig. 4 (top). One can
see a reasonable agreement between predictions for polarized
observables at 8.7 GeV. Figure 4 (bottom) shows predictions
for polarization observables E, F , G, and H for γ p → a0

0 p at
8.7 GeV as well.

Finally, we compare the beam polarization asymmetry for
π0 production with that for the a0

0 channel. Our third fit
(see above) shows that previous SLAC � measurements for
�γ p → π0 p are not reliable and π0 � data are still under-
constrained. It would be interesting to observe if the beam
polarization asymmetry for the scalar meson is opposite to
the pseudoscalar meson photoproduction as predicted (Fig. 5).
Let us note that the analysis of the GlueX � data for a0

0
photoproduction is in progress [41]. It is crucial to get infor-
mation about the radiative decay width of the scalar meson
to vector and axial vector mesons and, hence, to be able to
determine their coupling constants in order to have a reliable
description of the dynamics of the reactions. Obviously, to
determine dynamics of scalar meson photoproduction, more
cross sections for a0

0 measurements are in order.
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APPENDIX

Comparing π0 to a0
0 photoproduction, there will be four

independent helicity amplitudes [see Eq. (5) from Ref. [2]].
We examine the parity relations for 2 → 2 helicity am-

plitudes in the center-of-mass frame, specifically in the X -Z
plane (defined by photon energy, and the meson polar angle,
θ , i.e., fixing the meson azimuthal angle at φ = 0).

These come from applying the study by Jacob and Wick
[42] to particular cases summed over the total two body reac-
tion (see also Refs. [43,44]).

Using the notation of Ref. [2], where Eγ is the lab-frame
photon energy,

f−a,−b;−c,−d (Eγ , θ, 0) = ηg(−1)λ−μ fa,b;c,d (Eγ , θ ), (A1)

where

ηg ≡ ηaηb

ηcηd
(−1)sc+sd −sa−sb (A2)

and

λ = a − b, μ = c − d. (A3)

For pseudoscalar π0 photoproduction

ηg = (−+)

(−+)
(−1)−1 = −. (A4)

For scalar a0
0 photoproduction

ηg = (−+)

(++)
(−1)−1 = +. (A5)

Then, four helicity amplitudes in either case (up-
per sign for pseudoscalar, lower for scalar parity phase)

are

f1,+1/2;0,+1/2 = f1 = ± f−1,−1/2;0−1/2, (A6)

f1,+1/2;0,−1/2 = f2 = ∓ f−1,−1/2;0+1/2, (A7)

f1,−1/2;0,+1/2 = f3 = ∓ f−1,+1/2;0−1/2, (A8)

f1,−1/2;0,−1/2 = f4 = ± f−1,+1/2;0+1/2. (A9)

To obtain leading t-channel exchange parity, combine the
baryon vertices as

< d| |b > ±(−1)d−b < −d| | − b > (A10)

for parity (naturality) positive or negative, respectively.
Then, the combinations that have leading positive or neg-

ative t-channel parity are constructed in the same way for
pseudoscalar and scalar meson production:

f ±
1 = f1 ± f4, (A11)

f ±
2 = f2 ∓ f3. (A12)

What about the boson vertex γ → π0 or a0
0 ? Here, there

has to be definite C parity. For π0 that restricts the exchange
C parity to negative. Hence we have ω and ρ for vector
exchange (JPC : 1−−) and b1(1235) and h1(1170) for axial
vector exchange (JPC : 1+−). Both have negative C. For a0

0,
the C parity is also minus, but the parity is opposite. That
implies that the axial and polar vector exchanges are switched.
Hence the polarized beam photon asymmetry, �, will behave
oppositely for a0

0 as for π0 (see, e.g., Fig. 5).
The relations among the different helicity amplitudes de-

pend on details of the coupling of a0
0 to γ and the exchanged

bosons—the residue functions in the Regge pole contribu-
tions.
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