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We consider the exclusive photo-production of a photon-meson pair with a large invariant

mass, working in the QCD factorisation framework. Explicitly, we consider a ρ-meson or a

charged π in the final state. This process gives access both to chiral-even GPDs and chiral-odd

GPDs, which are not well-known experimentally, especially the latter ones. The computation

is performed at leading order and leading twist. We discuss the prospects of measuring them

in experiments, focusing on the kinematics at the JLab 12-GeV experiment, and pPb ultra-

peripheral collisions at LHC. In particular, the latter gives access to the small ξ regime of

GPDs.

1 Introduction

Generalised parton distributions (GPDs) have been extensively studied in the context of deeply
virtual Compton scattering (DVCS) and deeply virtual meson production. This allows us to
extract information on the 3D structure of nucleons. Another channel was proposed to study
GPDs in [1, 2] - the photoproduction of a photon-meson pair with a large invariant mass M2

γm.
Imposing the latter constraint is important as it provides the hard scale for collinear QCD
factorisation. Its use can be justified by comparing this process with photon-meson scattering
at large angles, as illustrated in Figure 1. In fact, in the closely-related processes of diphoton
photoproduction [3] and exclusive production of a photon pair from pion-nucleon collisions [4],
where the photon pair has a large invariant mass, collinear QCD factorisation has been shown
to hold at leading twist.

The amplitude for our process is thus expressed as the convolution of a hard part (coefficient
function), which is calculated using perturbative techniques, with two soft parts, namely a GPD
involving the incoming and outgoing nucleons and a distribution amplitude (DA) for the outgoing
meson. One of the main advantages of studying this channel is that for a transversely polarised
ρ meson, this process gives access to chiral-odd GPDs at leading twist, unlike in deeply virtual
meson production. This is interesting, as chiral-odd GPDs are not well-known experimentally.

2 Kinematics

The process we study is

γ(q) +N(p1) −→ γ(k) +N ′(p2) +m(pm) ,

where m = ρ0,±L,T , π
±. Using two light-cone vectors p and n (with p ·n = s

2), the particle momenta
can be written as

pµ1 = (1 + ξ) pµ +
M2

s(1 + ξ)
nµ , pµ2 = (1− ξ) pµ +

M2 + ~∆2
t

s(1− ξ)
nµ +∆µ

⊥ , qµ = nµ , (1)

kµ = αnµ +
(~pt − ~∆t/2)

2

αs
pµ + pµ⊥ − ∆µ

⊥

2
, pµm = αm nµ +

(~pt + ~∆t/2)
2 +M2

m

αms
pµ − pµ⊥ − ∆µ

⊥

2
,
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Figure 1: Left: Factorization of the amplitude for the process γ+m′ → γ+m at large s and fixed angle
(i.e. fixed ratio t′/s). Right: Replacing the π meson distribution amplitude by a nucleon generalized
parton distribution leads to the factorization of the amplitude for γ +N → γ +m+N ′ at large M2

γm.

where M and Mm are the masses of the nucleon and the meson respectively. The square of the
centre of mass energy of the γ-N system is then SγN = (q + p1)

2 = (1 + ξ)s + M2, while the

small squared transferred momentum is t = (p2 − p1)
2 = −1+ξ

1−ξ
~∆2

t − 4ξ2M2

1−ξ2
. The hard scale M2

γm

is the invariant mass squared of the γ-meson system. This is imposed by having a large relative
transverse momentum ~pt between the outgoing photon and meson.

The use of collinear QCD factorisation requires that −u′ = (pm − q)2, −t′ = (k − q)2 and
M2

γm = (pm + k)2 to be large, while −t = (p2 − p1)
2 needs to be small. For this, we employ the

cuts −u′,−t′ > 1 GeV2, and −t < 0.5 GeV2. We note that these cuts are sufficient to ensure
that M2

γm > 1 GeV2.

In the generalized Bjorken limit, neglecting ~∆t in front of ~pt, as well as hadronic masses, we
have that the approximate kinematics is

M2
γm ≈ ~p2t

αᾱ
, αm ≈ 1− α ≡ ᾱ , ξ =

τ

2− τ
, (2)

τ ≈
M2

γm

SγN −M2
, −t′ ≈ ᾱM2

γm , −u′ ≈ αM2
γm .

In expressing the results, we will use (−u′) , (−t), and M2
γm as differential variables.

3 Non-perturbative inputs: GPDs and DAs

The chiral-even light-cone DA, e.g. for the longitudinally polarized ρ0L-meson is defined, at the
leading twist 2, by the matrix element [5],

〈0|ū(0)γµu(x)|ρ0L(pρ)〉 =
1√
2
pµρfρ0

∫ 1

0
dz e−izpρ·x φ‖(z), (3)

where the decay constant fρ0 = 213 MeV. The DAs for the ρT and π± mesons are defined
analogously. For the computation, we use the asymptotic form of the distribution amplitude, as
well as an alternative form, which we call ‘holographic’ DA, given by

φas(z) = 6z(1 − z) , φhol(z) =
8

π

√

z(1− z) , (4)
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where both are normalised to 1. The alternative form, first proposed in [6], has been suggested
in the literature in the context of AdS-QCD holographic correspondence [7] (hence the name
‘holographic’ DA) and dynamical chiral symmetry breaking on the light-front [8]. In fact, recent
lattice results indicate an even further departure from the asymptotical form, with φ(z) ∝
zα (1− z)α and α ≈ 0.2 − 0.32 [9].

We now turn to the definition of the GPDs. The chiral-even GPDs of a parton q (where
q = u, d) in the nucleon target (λ and λ′ are the light-cone helicities of the nucleons with
momenta p1 and p2) are defined by [10]:

〈p(p2, λ′)| q̄
(

−y

2

)

γ+q
(y

2

)

|p(p1, λ)〉 (5)

=

∫ 1

−1
dx e−

i
2
x(p+

1
+p+

2
)y− ū(p2, λ

′)

[

γ+Hq(x, ξ, t) +
i

2m
σ+α∆α E

q(x, ξ, t)

]

u(p1, λ) ,

and analogously for chiral-even axial GPDs. In our analysis, the contributions from Eq and Ẽq

(in the chiral-even axial GPD) are neglected, since they are suppressed by kinematical factors
at the cross-section level.

The transversity GPD of a quark q is defined by:

〈p(p2, λ′)| q̄
(

−y

2

)

i σ+jq
(y

2

)

|p(p1, λ)〉 (6)

=

∫ 1

−1
dx e−

i
2
x(p+

1
+p+

2
)y− ū(p2, λ

′)
[

i σ+jHq
T (x, ξ, t) + . . .

]

u(p1, λ) ,

where . . . denote the remaining three chiral-odd GPDs whose contributions are omitted in our
calculation for the same reasons as mentioned above. The GPDs are parametrised in terms of
double distributions [11].

We note that for the modelling of the chiral-even axial GPDs and chiral-odd GPDs, we use
two different parametrisations for the input PDFs: The standard scenario, for which the light
sea quark and anti-quark distributions are flavour-symmetric, and the valence scenario which
corresponds to completely flavour-asymmetric light sea quark densities. More details on the
modelling of the GPDs can be found in [1, 2].

4 Computation

The hard part of the amplitude requires the computation of 20 Feynman diagrams in total.
One can exploit the C-symmetry of the process to reduce the number of diagrams by half. The
convolution over z with the distribution amplitude (taken to have the two forms in (4)) is then
performed analytically, while the convolution over x with the GPD is performed numerically, in
terms of a few building block integrals.

The fully differential cross-section, as a function of −u′, −t and M2
γm, is then given by

dσ

dt du′ dM2
γm

∣

∣

∣

∣

−t=(−t)min

=
|M|2

32S2
γNM2

γm(2π)3
, (7)

where −t has been set to the minimum value (−t)min allowed by the kinematics, including the
imposed cuts, and is in general a function of M2

γm and SγN itself. We refer the reader to [1, 2]
for the details regarding the computation.

Performing the integration over −u′ and −t gives

dσ

dM2
γm

=

∫ (−t)max

(−t)min

d(−t)

∫ (−u′)max

(−u′)min

d(−u′) F 2
H(t)× dσ

dt du′dM2
γm

∣

∣

∣

∣

−t=(−t)min

, (8)

where FH(t) = (tmin−C)2

(t−C)2
is a standard dipole form factor, with C = 0.71 GeV2.
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5 Results

Due to lack of space, we present only a few plots which are representative, focusing on the
longitudinally polarised ρ0L meson on a proton target. In Figure 2 on the left, we show the fully
differential rate as a function of −u′, for different values of M2

γm. The effect of using the two
different models for the distribution amplitude, as well as that of using the valence and standard
scenarios for modelling the GPDs, is also illustrated. We thus find that using the holographic
DA gives a result that is roughly twice that of the asymptotical DA. Nevertheless, to properly
distinguish between the two models, one would need to include NLO corrections, since they can
be large.
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Figure 2: Left: The fully differential cross-section for ρ0L as a function of −u′ is shown. M2

γρ = 3, 4, 5, 6
GeV2 correspond to black, red, blue and green respectively. The difference between standard (dotted)
and valence (solid) scenarios for an asymptotical DA, and between standard (dot-dashed) and valence
(dashed) scenarios for a holographic DA is also illustrated. Here, SγN = 20 GeV2. Right: The single
differential cross-section for ρ0L as a function of M2

γρ using a holographic DA and the standard scenario.
The values of SγN used are 8 (brown), 10, 12, 14, 16, 18, 20 (blue) from left to right.

The single differential cross-section as a function of M2
γρ for different values of SγN is shown

on the right plot in Figure 2. Only the result for the holographic DA with the standard scenario
is shown, since it gives the largest contribution, as illustrated in the plot of the fully differential
cross-section. We note that while the fully differential cross-section is largest for smaller M2

γρ,
the range of −u′ is more restricted, due to the shrinking of the phase space. In fact, there is a
compromise between the two effects, and this explains the position of the peak around M2

γρ ≈ 3
GeV2 in the single differential cross-section plot on the right of Figure 2. We also note that the
position of this peak is more or less the same for different SγN ≤ 2000 GeV2.

Finally, in Figure 3, we show the variation of the cross-section as a function of SγN (left),

as well as the photon flux
dNγ

dSγN
in pPb ultra-peripheral collisions (UPCs) at LHC (right). The

cross-section drops rather rapidly with SγN , and has a peak at around 20 GeV2. The total
cross-section for the exclusive photoproduction of a γρ0L pair (with large invariant mass) on a
proton target in pPb collisions can be obtained simply by convoluting the photon flux with σγρ0

L

(see Figure 3). We note that while LHC can access very high energies, the photon flux from
the Pb nucleus in pPb collisions decreases very rapidly with SγN . This implies that the total
cross-section is dominated by the region of relatively small SγN .

The counting rates for the different mesons, using the expected luminosity (1.2 pb−1) for runs
3 and 4 at ATLAS/CMS [12], are shown in Table 1. The range is obtained by considering the
minimum and maximum obtained from the different models (holographic DA vs asymptotical
DA, and valence vs standard scenarios). Two sets of counting rates are shown, one without any
cut in SγN and the other with a cut of SγN ≥ 300 GeV2. Introducing a lower bound on SγN
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Figure 3: Left: The plot shows the cross-section σγρ0

L
as a function of the centre of mass energy SγN .

The holographic DA and asymptotical DA cases are shown in red and blue respectively. The standard
scenario is represented by solid lines, while the valence scenario is represented by dashed lines. Right:
The photon flux

dNγ

dSγN
is shown as a function of SγN .

allows us to study GPDs in the small ξ region, which is very interesting. At SγN = 300 GeV2,
we find that the region of M2

γm where the cross-section is maximum (see Figure 2) corresponds

to ξ ≈ 5 · 10−3, and it goes down to ξ ≈ 7.5 · 10−4 at SγN = 2000 GeV2. Despite the fact that
the number of events is dominated by the region of SγN ≤ 300 GeV2, we find that there is still
reasonable statistics to prompt a study of the process in the small ξ region at LHC.

Meson Without cut SγN ≥ 300 GeV2

ρ0L 8.7–16 ×103 3.6–7.2 ×102

ρ+L 4.8–10 ×103 1.9–5.6 ×102

π+ 1.6–9.2 ×103 1.0–3.1 ×102

Table 1: The counting rates for the various mesons in pPb UPCs at LHC are shown, using the expected
luminosity in Runs 3 and 4 for ATLAS/CMS. The second column shows the case without any cuts in
SγN , while the third corresponds to a cut of SγN ≥ 300 GeV2, which gives access to the small ξ region.

The counting rates for the JLab 12-GeV experiment, which are roughly 1 order of magnitude
larger than those reported here, can be found in [1, 2]. Although the numbers are lower for pPb
UPCs at LHC, the energies that can be accessed are higher.

Note that some of the results are different from those in the published papers [1, 2], due
to recent improvements of our code. The details of the computation, including various other
results, will appear in a forthcoming publication.
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