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We review our results on a new class of 2 — 3 exclusive processes, as a probe of both chiral-
even and chiral-odd quark GPDs. We consider the exclusive photoproduction of a photon-meson
pair, in the kinematics where the pair has a large invariant mass, described in the collinear
factorization framework. We cover the whole kinematical range from medium energies in fixed
target experiments to very large energies of colliders, by considering the experimental conditions
of JLab 12-GeV, COMPASS, future EIC and LHC (in ultra-peripheral collisions) cases. Our
analysis covers neutral and charged rho-mesons, as well as charged pions. The case of the rho-
meson, depending on its polarization, provides access to either chiral-even or chiral-odd GPDs, at
leading twist. We find that the order of magnitude of the obtained cross sections are sufficiently
large for a dedicated experimental analysis to be performed, especially at JLab. Furthermore, we
compute the linear photon beam polarization asymmetry, which we find to be sizeable, in the case
of a longitudinally polarized p-meson or of a charged pion. These predictions are obtained for
both asymptotic distribution amplitude (DA) and holographic DA.
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1. Introduction

Two decades ago, exclusive processes opened the door to a possible access to three-dimensional
tomography of the internal content of nucleons in terms of partons. A key tool, for hard processes,
is the use of factorization theorems which allows the description of the scattering amplitude of these
processes through a convolution of a short distance coefficient function and Generalised Parton
Distributions (GPDs). GPDs are defined through non-forward matrix elements of quark-antiquark
operators or gluon field strength operators, separated by a light-like distance. At the leading power
in the hard scale (twist-2), there are 8 quark GPDs and 8 gluonic GPDs [1]. In the quark sector, they
split into 4 chiral-even ones, denoted by H,, E,, H, and E,, and 4 chiral-odd (helicity flip) ones,
denoted by HY, H], EI and E]. A GPD depends on 3 variables: x (the average fraction of the
nucleon longitudinal momentum carried by the probed quark/antiquark), &, the so-called skewness
parameter (twice the difference in longitudinal momentum fraction between the probed partons),
and ¢ (momentum transfer squared). At & = 0, the Fourier transform (wrt #) of GPDs gives the
probability distribution of partons in the transverse plane [2, 3].

At the moment, in order to extract GPDs, the focus has been mainly on 2 — 2 scattering
processes, such as deeply-virtual Compton scattering (DVCS) and deeply-virtual meson production
(DVMP), where collinear factorisation has explicitly been shown to hold at all order in perturbation
theory (in «y) at the leading twist. In DVMP, the amplitude factorises, for specific polarisations
of the incoming photon and outgoing meson, in terms of a coefficient function, a GPD, and a
distribution amplitude (DA) for the outgoing meson.

To probe chiral-odd GPDs, since in the massless limit QED and QCD are chiral-even theories,
another source of odd chirality should appear in the amplitude, in order to get a non-zero result
at leading twist. Unfortunately, a simple 2 — 2 process like the exclusive electroproduction of a
transversely polarised pr-meson (the DA of the p-meson at the leading twist-2 is chiral-odd, thus
promising) vanishes at all orders in @ since it would require a helicity transfer of 2 units from a
photon [4, 5]. To evade this, it was proposed in [6—8] to consider the photo- and electro-production
of two mesons, through a 3-body final state. Similarly, the study of the photoproduction of a ypr
pair was proposed [9], the large (and almost opposite) transverse momenta of the photon and meson
in the final state providing the hard scale for collinear factorisation of the process [10, 11]. Diphoton
photoproduction was also studied to access chiral-even GPDs [12]. We here report on our analyses
of the photoproduction of a photon-meson pair, the meson in the final state being either a charged
pion, or a p-meson of any charge and polarisation, at leading order (LO) [13-15]. Note that these
channels, because of involved quantum numbers, do not allow for two-gluon exchange in z—channel.

Besides the possibility of accessing chiral-odd GPDs, 3-body final states provide a natural hard
scale, even in photoproduction, a particularly appealing fact in ultraperipheral collisions (UPC) at
the LHC. Furthermore, they give access to an enhanced x-dependence of GPDs, in comparison
with simple exclusive 2 — 2 processes like DVCS which only effectively probe the GPD at x = +¢&
at LO [16]. Note that double deeply-virtual Compton scattering, due to the presence of two scales
(initial and final photon virtualities) also allows for such a scan of the x-dependence of GPDs [17].

A proof of factorisation was given for such a class of 2 — 3 exclusive processes [10, 11]. Still,
for the exclusive photoproduction of a 7%y pair, which allows for a gluon GPD contribution, a pure
collinear factorisation approach is invalid, caused by the existence of a Glauber pinch [18-20].



Accessing Generalized Parton Distributions through 2 — 3 exclusive processes Samuel Wallon

2. Photoproduction of y7* and yp%i with large invariant mass

2.1 Kinematics
We consider the process
¥(@) + N(pn) — y(k) + M(pp) + N'(pn7) - 00

Any generic momentum r can be written as r# = ap” + bn* + !, using the lightcone vectors
pHt = ‘/— (1,0,0,1) and n* = ‘/— (1,0,0,—1) with n - p = 3, with the convention ri = —|7|?. Then,
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with A = py- — pny. In the above, my is the nucleon mass, my, is the meson mass, and ¢ is the
skewness parameter. The centre-of-mass energy of the system, S, n, is given by

Syv = (g +pn)* = (1+E) s +m3,. )
It is convenient to introduce the following Mandelstam variables:
t=(pn-pn) s W =(m-q), =(k=9)°, My, =(pu+k>. S
In the Bjorken limit, where &,, mpy and myy are taken to zero, the kinematics simplifies to

2
' M2y,
. B = aaM?,, = —22
2 yM 2
M2, 28,5 — M2,

. (6)

tzO,t'z—&Msz,(xM:c_kEI—cx,(x:

We chose u’, Msz and S,y to be independent variables. The process factorises collinearly when
Py is large, which in practice is ensured [14] by the following cuts on the Mandelstam variables

—u', —t' > 1GeV?, -t <0.5GeV?, (7
in order to avoid resonances between the outgoing meson and nucleon.

2.2 Constructing the amplitude

Our predictions rely on models for GPDs and DAs. GPDs are parametrised in terms of
double distributions [21]. For the polarised (transversity) PDFs, which are used to construct the
I:Iq (H;) GPDs, we rely on the “standard” scenario, with flavour-symmetric light sea quark and
antiquark distributions, and on the “valence” scenario, with densities taken to be completely flavour
anti-symmetric. For the DAs, we use the asymprotic form and holographic form'

Pasy(2) =62 (1 = 2), Phol (2) = \/z (1-2). ®)

ISuggested by AdS-QCD correspondence [22], dynamical chiral symmetry breaking on the light-front [23], and
recent lattice results [24].
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See [14, 15] for the details on parameterisations.
In collinear factorisation, the amplitude A is computed through the convolution of the coeffi-
cient function T'(x, z), the GPD H (x, &,¢), and the DA ¢(z),

1 1
ﬂ=1ftﬁjqdﬂn%afﬂﬂ%§ﬂ¢&y )
-1 0

For each DA model (8), we performed the z-integral analytically, and then the x-integral numeri-
cally. Due to the rather small values of &, prefactors make dominant, for the chiral-even amplitude,
the contributions from the GPDs H,, and I:Iq, and for the chiral-odd amplitude, the contributions
from the GPDs H;. See [14] for the charged pion case, and [15] for the p meson case.

2.2.1 Unpolarised cross sections and counting rates

After summing over the helicities of the incoming and outgoing particles, the squared amplitude
is denoted by |A|?. The unpolarised differential cross section reads

d Al*
pt IRy pyeect 0)
dt du dMyM O=(-Dmin 328,y My, (270)
2.2
where (—f)pin = %. We refer the reader to the original papers [14, 15] for plots corresponding

to various kinds of mesons and centre-of-mass energies ranging from JLab up to LHC and EIC.
Based on these results, we performed a full phase space integration, taking into account the
photon flux, so as to obtain the estimated number of events for the different mesons we consider, at
various experiments. This is done for JLab (taking the integrated luminosity f Ldt = 864fb71),
future EIC (taking f Ldt = 10 fb™') and LHC in ultraperipheral collisions (UPCs) (assuming
f Ldt = 1200nb~"). The obtained numbers are shown in Table 1, for a proton target. The high
energies available in a collider environment allows to perform a small ¢ study of quark GPDs, by
restricting 300 < SN 20000, which roughly translates to 5 - 107 < & < 5-1073. The expected

GeV?
number of events by employing this cut is also found in Table 1.

Thus, one finds that the statistics are very good, which warrants a proper experimental analysis
of the process, especially at JLab, where the number of events can be as high as 10°. For the
chiral-odd case (pr), the cross section is proportional to £2, so that the expected number of events
becomes negligible at small &, and hence they are omitted from the table.

2.2.2 Polarisation asymmetries with respect to the incoming photon

Besides the cross sections, we also computed polarisation asymmetries wrt the incoming
photon. Due to the invariance of QCD/QED under parity [14], the circular polarisation asymmetry
vanishes for all the mesons that we considered. Instead, we calculated the linear polarisation
asymmetry (LPA), using the Kleiss-Stirling spinor techniques. This linear polarisation asymmetry
also vanishes for the case of a transversely polarised p-meson. The LPA reads

doy —doy

LPA= ——=,
doy +do,

(11)

where do is a differential or integrated cross section, and the subscript x (or y) represents the
direction of polarisation of the incoming photon, in a frame where the x-direction is defined by
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Experiment ‘ Meson ‘ Number of events | Number of events with S, > 300GeV?>

09 1.3-2.4 x10° -
JLab 09 2.1-4.2 x10* -
n* 0.3-1.8 x10° -
09 1.3-2.4 x10* 0.6-1.2 x10°
EIC 09 1.2-2.4 x10° -
n* 0.2-1.3 x10* 1.4-5.0 x10?
0 0.9-1.6 x10* 4.1-8.1 x10?
LHC in UPCs | pY 0.8-1.7 x10° -
n* 1.6-9.3 x10° 1.0-3.4 x10?

Table 1: The expected number of events for the photoproduction of a photon-meson at JLab, future EIC
and LHC in UPCs is shown for the p%, p‘} and 7" cases, on a proton target. The number of events at small
skewness & (Syn > 300GeV?) is also shown for EIC and LHC kinematics.

LPA«/pz LPA, .+

2

0.0

Figure 1: The LPA, constructed from differential cross sections wrt M«/ZM’ is shown as a function of M)%M
for the p* (left) and * cases. In both plots, dashed (non-dashed) corresponds to holographic (asymptotical)
DA, while dotted (non-dotted) corresponds to standard (valence) scenario for the GPD model used.

the direction of the outgoing photon. In practice, it is more natural to deal with the measured
asymmetry in the lab frame, denoted by LPA[ ,,. The latter is related to the above LPA in (11) by

LPA; = LPA cos (26) , (12)

where 6 is the angle between the lab frame x-direction and p,, which varies event by event. In
Fig. 1 we show the dependence of the LPA, constructed from the differential cross section in Msz’
as a function of Msz for the pz meson (left) and 7" meson (right) cases. The LPA is sizeable in
both cases, reaching up to 60%. For the n* case, the LPA could be used for disentangling GPD

models, while the effect coming from the DA models is suppressed.

3. Conclusions

The exclusive photoproduction of a photon-meson pair is a very promising channel to study
quark GPDs. This is not only an additional channel for probing quark GPDs, but also one of the few
processes for extracting chiral-odd GPDs at the leading twist, by choosing the outgoing meson to be
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a transversely polarised p-meson. Our estimation of the statistics shows that measurements at JLab,
COMPASS, future EIC and LHC in ultraperipheral collisions are very promising. In particular, we
estimate for JLab a number of events of the order of 10°. We also obtain sizeable LPA.
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