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We discuss the exclusive photoproduction of a photon-meson pair with large pr as a channel to
probe generalised parton distributions (GPDs). Like other 2 — 3 exclusive processes, this channel
allows us to better study the x-dependence of GPDs, in contrast to 2 — 2 processes such as Deeply
Virtual Compton Scattering (DVCS) which give only “moment-type” information. Moreover, it
also gives the possibility to access, at leading twist, the chiral-odd GPDs, which are still completely
unknown experimentally. In the first part of these proceedings, we present the computation of the
amplitude at leading order and leading twist, for charged pions, and rho mesons of any charge and
polarisation. These processes are sensitive to quark GPDs only. We also discuss the possibility of
measuring such processes at various experiments, namely JLab, COMPASS, future EIC and LHC
in ultra-peripheral collisions. In particular, in collider experiments, the dependence of GPDs at
small skewness (< 1073) can be extracted. For the second part, we report on our recent work on
the exclusive photoproduction of 7%y pair, which, in addition to a quark GPD channel, also has
a contribution from gluon GPDs. In the latter case, we demonstrate that a collinear factorisation
of the process fails, due to the presence of a Glauber pinch. Our findings also imply that other
similar processes, like N - vy N also suffer from the same issue. On the other hand, we stress
that the processes discussed earlier, which are sensitive to the quark GPD channels only, are safe
from these factorisation breaking effects.
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1. Introduction

Quark (gluon) GPDs are obtained from the non-forward matrix elements of quark-antiquark
operators (gluon field strength operators) separated by a lightcone distance. At the leading twist-2,
there are a total of 8 quark GPDs: 4 chiral-even, and 4 chiral-odd (helicity flip). The chiral-even
ones are denoted by H,, E, I:Iq and E'q, and the chiral-odd (helicity-flip) ones by H, I FI;, E; and
E;. Their definitions, including the ones for gluon GPDs, can be found in the review [1]. A GPD is
a function of 3 variables: x, which corresponds to the average fraction of the nucleon longitudinal
momentum that is carried by the quark/antiquark probed, &, the so-called skewness parameter, which
corresponds to the difference in longitudinal momentum between the quark/antiquark probed (or
between the two gluons probed in the case of gluon GPDs), and ¢ which is the classic Mandelstam
variable corresponding to the momentum difference squared between the incoming and outgoing
nucleon. GPDs shed light on hadron structure, since their Fourier transform (wrt #) when & = 0
gives the probability distribution of partons in the transverse plane [2, 3].

A well-studied process that is sensitive to GPDs is deeply-virtual meson production (DVMP)
which essentially corresponds to DVCS with the outgoing photon replaced by a meson [4, 5]. In
this case, 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.

In order to probe chiral-odd GPDs, since QED and QCD are chiral-even theories, one needs to
consider a process where there is an even number of chiral-odd structures - otherwise, the amplitude
vanishes identically when performing traces of Dirac matrices. The exclusive electroproduction of
a transversely polarised pr-meson seems to be a good candidate for this, since the DA of the p-
meson at the leading twist-2 is chiral-odd. However, it has been shown that this amplitude vanishes
identically at all orders in @, for such a process, since it would require a helicity transfer of 2 units
from a photon [6, 7]. This vanishing only happens with a twist-2 DA. When using a twist-3 DA
however, one faces issues with end-point singularities.

A way to probe chiral-odd GPDs at the leading twist was proposed in [8] by considering the
photo- and electro-production of two mesons, through a 3-body final state. The photoproduction
of a ypr pair was proposed in [9] as yet another channel, with 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]. This channel led to the culmination of a series of works
[12-14] on the photoproduction of a photon-meson pair, with the meson in the final state being
either a charged pion, or a p-meson of any charge and polarisation. Section 2 of these proceedings
are based on these works, which we point out are sensitive to quark GPDs only, since the gluon GPD
channel is forbidden either on the basis of electric charge conservation, or by charge conjugation
symmetry in the case of p°.

A significant advantage in considering exclusive processes involving 3-body final states, like
the ones mentioned above, is that they give access to an enhanced x-dependence of GPDs, compared
to exclusive processes involving 2-body final states, such as DVCS, which only effectively probe
the GPD at x = ££ [15].

While a proof of factorisation has been made available for such a class of 2 — 3 exclusive
processes in [10, 11], a direct calculation of the gluon GPD contribution to the exclusive photopro-
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duction of 7%y pair shows that the amplitude diverges at leading order and leading twist. In [16],
we explain that this divergence is a consequence of the breakdown of collinear factorisation, for
such processes where the 2-gluon exchange is allowed. This is caused by the existence of a Glauber
pinch in this case. Section 3 of these proceedings involves a discussion of this work.

+

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

2.1 Kinematics
Let us denote our process through:
v(q@) + N(pn) = v(k) + M(pm) + N'(pn7) - (1)

The momenta of the particles are parametrised as follows. First, we decompose all momenta
in a Sudakov basis, such that a generic momentum r can be written as

rt = ap* + bn" + !, 2)

where the lightcone directions p# and n* are given by

p :\/75(1,0,0, 1), nl‘:g(l,o,o,—l) , 3)
with n- p = £. We use the convention r> = —|#|>. The momenta of the particles in process (1) are
pP=3 1 p p

then given by (with A = pnv — pn),

: i+ 1A

pn=(+pt+ —Lnt py=(1-§pl+—D——nt N, gt =at, @)
s(1+€) s(1-¢&) .
e+ 5P+ m3 A 7. - %P f
Ro= ppl 2 Mop R L KM =ant+ ——2 plyph - L (5
Py = amn s Pr—pPL= % an P A (%)

In the above, mp is the nucleon mass, mjs is the meson mass, and £ is the skewness parameter.
The centre-of-mass energy of the system, Sy, is given by

S),N:(q+pN)2:(l+§)s+m%V. (6)
Furthermore, we define the following useful Mandelstam variables:
t=(pn-pn)’ . W =(pu-q). '=(k-9>, My =@Eu+k’. (0
In the Bjorken limit, where Z,, m and m, are taken to zero, the kinematics simplifies to
’ M2

—U - _ yM

= PP =eaM;,y,, E=—T—r
2 Y 2

My, 28N — M2y

) _
t=0, t’=aMyM, ay =@, « , (8
where @ = 1 — «. In the calculation of the amplitudes and cross sections, u” and Mi » are taken as
independent variables; supplemented by S, n, this fully specified the kinematics.

For the collinear factorisation of the process, p, needs to be large. In practice, we impose cuts
on the Mandelstam variables

—u', -t > 1GeV?, -t <0.5GeV?, 9)

in order to avoid resonances between the outgoing meson and nucleon. It has been shown in [13]
that these cuts are sufficient to ensure large p;.
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2.2 Modelling of GPDs and DAs

The GPDs we use for the numerics are parametrised in terms of double distributions [17]. For
the polarised (transversity) PDFs, which are used to construct the H, (H}) GPDs, two scenarios
are proposed for the parameterisation:

 “standard” scenario, with flavour-symmetric light sea quark and antiquark distributions.

* “valence” scenario, where the densities are taken to be completely flavour anti-symmetric.

For the DAs, we use two different models:
8
Pasy(2) =62(1-2) . ¢nai(2) = —Vz(1-2). (10)
The first, ¢asy(z) is the classic asymptotic form, while the second, ¢ne1(z), is the so-called ‘holo-
graphic’ form, suggested by AdS-QCD correspondence [18], dynamical chiral symmetry breaking
on the light-front [19], and recent lattice results [20], where an even flatter form was obtained.
More details regarding the parameterisation of the DA and GPD can be found in [13, 14].

2.3 Observables

The amplitude A is computed through the convolution of the coefficient function 7T'(x, z), the
GPD H(x,¢&,1), and the DA ¢(z),

1 1
ﬂZ/ dx/ dzT(x,z) H(x,&,1) ¢(2) . (11)
-1 0

For the DA models mentioned in (10), the integrals over the momentum fraction z are performed
analytically. The remaining integral over the momentum fraction x is then performed numerically.
In practice, for the chiral-even amplitude, we only keep the contributions from the GPDs H,,
and I:Iq, while for the chiral-odd amplitude, we only keep those from HZ, since the contributions
from the other GPDs are kinematically suppressed. Further details regarding the computation of
the amplitudes can be found in [13] for the charged pion case, and in [14] for the p meson case.

2.3.1 Unpolarised cross sections

We denote the squared amplitude, after summing over the helicities of the incoming and
outgoing particles, by |A|>. Then, the unpolarised differential cross section can be written as

do Al?
di du’ dM> = 252 | 2| 3 (12)
tdu ’)’M (_Z):(_Z)min 32S7NM7M (27T)
2.2
where (—f)min = —%. Figure 1 shows the differential cross section wrt MiM as a function

of MiM (left), and the cross section as a function of S, (right), for a produced 7* meson. For
illustrative purposes, we only show the plots that correspond to JLab kinematics (i.e. Syn, max ~
20 GeV?). Thus, one concludes that the GPD model used has a significant effect on the cross section
(compare dotted vs non-dotted lines) for 7*y photoproduction, which means this channel can be
used to disentangle between the two GPD models considered. Moreover, one also finds that the
cross section is larger with the holographic form of the DA.

We refer the reader to the original papers [13, 14] for plots corresponding to higher centre-of-
mass energies, as well as other mesons.
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Figure 1: In both plots, the outgoing meson is a 7*. Dashed (non-dashed) corresponds to holographic
(asymptotical) DA, while dotted (non-dotted) corresponds to standard (valence) scenario for the GPD model
used. Left: The differential cross section wrt M)zl » as a function of Mi 18 shown for different S,y =

8 (Brown), 14 (Green), 20 (Blue) GeV>. Right: The cross section is plotted as a function of Syn.

2.3.2 Polarisation asymmetries with respect to the incoming photon

We also computed polarisation asymmetries wrt the incoming photon. By a direct calculation,
we found that the circular polarisation asymmetry vanishes for all the mesons that we considered.
This vanishing is linked to the invariance of QCD/QED under parity, for more details, see [13].
We therefore calculated the linear polarisation asymmetry (LPA), using the Kleiss-Stirling spinor
techniques. It turns out that the linear polarisation asymmetry also vanishes for the case of a
transversely polarised p-meson. Such a LPA is calculated by

doy —do,

LPA = (13)

doy +doy’
where do represents a differential or integrated cross section as appropriate, 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 p, in (5) (i.e. the direction of the outgoing photon defines x). In practice, the measured
asymmetry in the lab frame, which we denote by LPA[ ,, is related to the above LPA in (13) by

LPA| .» = LPA cos (20) , (14)

where 6 is the angle between the lab frame x-direction and p, , which varies event by event.

Figure 2 shows the variation of LPA, constructed from the differential cross section in Mi Mo
as a function of MiM for the p; meson (left) and 7* meson (right) cases. Interestingly, the plots
show that, depending on the meson produced, the two GPD models either have no effect on the LPA
(for the p™ case), or change the variation of the LPA completely (for the 7% case). This suggests the
use of the LPA for disentangling GPD models, where in particular, the effect coming from the DA
models is suppressed. Moreover, the LPA is sizeable in both cases, reaching up to 60%.

2.4 Expected number of events at various experiments

We finally 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. In particular, we calculate the numbers for JLab (taking the integrated luminosity
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LPA, .+

Figure 2: The LPA, constructed from differential cross sections wrt Mi - 18 shown as a function of Mi M
for the p* (left) and n* cases. The meanings of the different colours and types of lines are exactly the same
as those in Figure 1.

Experiment ‘ Meson ‘ Number of events | Number of events with S,y > 300GeV?

oY 1.3-2.4 x10° -
JLab Py 2.1-4.2 x10* -
n* 0.3-1.8 x10° -
oY 1.3-2.4 x10* 0.6-1.2 x10°
EIC Py 1.2-2.4 x10° -
n* 0.2-1.3 x10* 1.4-5.0 x10?
oY 0.9-1.6 x10* 4.1-8.1 X102
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 pg, 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.

[ Ldt = 8641b™"), future EIC (taking [ Ldt = 10 fb~') and LHC in ultraperipheral collisions
(UPCs) (assuming f Ldt = 1200nb~"). The numbers are shown in Table 1, for a proton target. One
can exploit the high energies available in a collider environment in order to perform a small ¢ study of
quark GPDs, by restricting 300 < SN 20000, which roughly! translates to 5-107> < & < 5-1073.

GeV?
The expected 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°. Furthermore,
we performed an analysis based on the detection of the outgoing photon at JLab, and found that
the numbers remain more or less the same when such a cut is applied [14]. Finally, we note that
for the chiral-odd case (p7), the cross section is proportional to £2, which implies that the expected
number of events becomes negligible at small &, and hence they are omitted from the table.

!The correspondence between S,y and ¢ is given in (8), which involves M)zl »s- In estimating the values of £, we used

the value of Mi s at the peak in the cross section plots in Figure 1, which remains at the same position of ~ 2-3 GeV?2.
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Figure 3: Left: A diagram that diverges upon convolution with the gluon GPD and the pion DA. The indices
i and j represent the transverse Lorentz indices of the two gluons, and the propagators are denoted by D
with a subscript. Right: A two-loop diagram corresponding to our process, whose different regions of loop
integration can be studied.

3. Breakdown of collinear factorisation in exclusive 7%y pair photoproduction

In this section, we discuss our recent work in [16] regarding collinear factorisation breaking
effects in the exclusive photoproduction of a 7%y pair. In contrast to the previously discussed
mesons in the final state, namely charged pions and p-mesons of any charge and polarisation, this
process is sensitive to the exchange of 2 gluons in the ¢-channel.

Assuming collinear factorisation, a direct calculation, at leading order and leading twist, leads
to a divergent amplitude. The diagrams that are responsible for this divergence are those of the
type shown in left side of Figure 3. These correspond to cases where the incoming photon attaches
between the two gluons that go to the GPD (independent of the way the outgoing photon attaches
to the quark line). In fact, the divergence can be shown to be purely imaginary, and comes from
the pinching of two propagator poles.? In the specific case® shown in the left of Figure 3, these
correspond to D, and D;,. The relevant integration region that causes the divergence is x — & and
7 — 0, and in this limit, the amplitude can be shown to be proportional to

1 1 1
defo TS s y Py (1)

where A is a positive number fixed by the external kinematics. The denominator [x — & + i€]

corresponds to D, while [(x — &) + AZ —i€] corresponds to Dj. The two propagators have
opposite i€ prescriptions, causing the pinching and the divergence of the integral in (15).

After a careful analysis of the process, we discovered that this divergence is in fact a consequence
of the breakdown of collinear factorisation. This is caused by the existence of a Glauber pinch, which
contributes to the same power in Q in the twist expansion of the amplitude as the usual collinear

2We point out that such a topology in the quark GPD case does not exist, since for this to happen, the incoming photon
would have to couple to the gluon that connects the two quark lines that go into the quark GPD, which is impossible.
3Note that the outgoing photon momentum is now ¢, since we will later use k for the loop momentum of the quark.
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pinch. Consider the two-loop diagram shown in the right of Figure 3, where the momentum
A = pn' —pn,and k and [ are loop momenta. First, let us introduce the idea of momentum scaling.
We denote by Q a hard scale in the process (for example, the large transverse momentum |, | of the
outgoing photon). Then, defining the small parameter A, such that a generic soft scale is obtained
through AQ ~ Aqcp, mn, My, \/m , we have, for a generic momentum r in the Sudakov basis,

r~0 (1,12, a) (coll. to + direction), r~Q (12, 1,1) (coll. to — direction),  (16)

r~0 (12,12, 12) (ultrasoft) , F~ QLA (soft). 17)

The usual convention is such that soft and ultrasoft scalings correspond to cases where all momentum
components scale in exactly the same way. This basically means that the particle is on-shell. There
is, however, a special type of soft scaling, called Glauber scaling, such that the transverse momentum
component is much larger than the + and — components of momentum,

<) = r~0 (42,12,/1) r~0 (/1, 42,/1) . ete., (18)

such that the particle is now off-shell.

In the analysis of the two-loop diagram on the right of Figure 3, we fix the external kinematics
such that py, pn’, A, pa are collinear to the + direction, p,, pp are collinear to the — direction,
and ¢, g’ correspond to collinear particles in an arbitrary direction (i.e. their scalings are Q (1, 1, 1),
with the condition that g> = ¢’> = 0). The blob A (B) corresponds to sub-diagrams where all
momenta are collinear to the nucleon (pion) sector. One can now carefully study the different
regions of loop integration for k and /. The classic collinear pinch is given by the configurations

l~Q(1,/12,/1) .k ~Q(/12,1,/1) , (19)

i.e. when the gluon loop momentum !/ is collinear to the nucleon momenta and the quark loop
momentum k is collinear to the pion momentum. In this case, the /= component of the gluon loop
momentum, and the k* component of the quark loop momentum are pinched. Moreover, a power
counting analysis of the collinear pinch shows that the amplitude has a scaling of A' [16].

We now demonstrate the Glauber pinch that we discovered explicitly. We consider the scalings
of the loop momenta to be

l~Q(/l,/12,/l), k~0 (44, (20)

i.e. a Glauber scaling for / and a soft scaling for k. Consider now the two propagators with
momentum / — A and p4 — [ in the right of Figure 3. They pinch the /= component in the DGLAP
region in the nucleon sector (i.e. when pj; > 0), since (note that A* < 0 in the kinematics we use)

(I-A’+ie=0=1" =0(2%) —ie, (pa-D*+ie=0=1"=0(1%) +ie. (21)
We now consider the propagators with momenta k and p , — k. They pinch the k* component since

k2 +ie=0= k™ =0(Q) - sgn(k)ie, (pr—k)Yl+ie=0=kt =012 +ie, (22)
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with k= > 0 (ERBL region in the pion sector). Now, we consider the propagators with momenta
k +1and g — k — [. They pinch the I* component since

(k+D)?*+ie = I* =0(Q) —sgn(k)ie, (g—k-D*+ie=>1"=0() +ie, (23)
as well as the k= component,
(k+0)?*+ie = k= =0(2) —sgn(IY)ie, (g—k-0D>+ie = k™ =0(1) +ie, (24)

with [* > 0 (DGLAP region). Hence, we find that the components of loop momenta [*, [7, k*, k~
are all pinched when the gluon loop momentum / has a Glauber scaling, and the quark loop
momentum k has a soft scaling. A peculiar property of this Glauber pinch is that it is the result of
a conspiracy between two loop momentum integrations, which is why it is important that all of the
four previously mentioned momentum components have to be pinched simultaneously.

In [16], we further show that a power counting analysis of this Glauber pinch, shows that the
amplitude scales as A!, which is the same as the collinear pinch. Finally, we refer the interested
reader to our paper [16] for a detailed explanation as to why the Ward identities do not lead to a
suppression of the amplitude for the Glauber pinch wrt that corresponding to the collinear pinch.

The Glauber pinch that is observed in the photoproduction of a 7%y pair is similar to the case
of a double diffractive process, e.g. pp — ppyn®, where the Glauber gluon is pinched between
two collinear sectors defined by the two pairs of incoming and outgoing nucleons. Instead, here,
the Glauber gluon corresponds to one of the active partons, and is pinched between one pair of
collinear nucleons, and a soft line joining the outgoing pion and the incoming photon.

Such a Glauber pinch also exists for the gluon exchange channel for the crossed process of
7°N — yyN which is discussed in [10]. Still, we emphasise that the channels we have considered
in Section 2, namely the photoproduction of a 7%y pair and of a py pair, are completely safe from
the factorisation breaking discussed here. This is due to the fact that the two gluon exchange channel
is forbidden, either on the basis of electric charge conservation or charge conjugation symmetry.

4. Conclusions

Our results show that the exclusive photoproduction of a photon-meson pair is a very promising
channel to study quark GPDs. In addition to providing an extra channel to probe quark GPDs, it is
one of the very few processes that can be used to extract chiral-odd GPDs at the leading twist, by
choosing the outgoing meson to be a transversely polarised p-meson. We estimated the statistics at
various experiments using our calculated cross sections, and we found that it is feasible to measure
the process at JLab, COMPASS, future EIC and LHC in ultraperipheral collisions. In particular,
our estimates for JLab, including an analysis of the detection of the outgoing photon, shows that the
expected number of events is of the order of 10°.

We further showed that for corresponding processes which have contributions from the gluon
GPD channel, collinear factorisation breaks down. This is due to the presence of Glauber gluon
pinches, which occurs when one of the active gluons that joins the nucleon sector to the hard part
itself becomes a Glauber gluon. This point is evidenced by the fact that an explicit calculation of
the gluon GPD channel to 7%y pair photoproduction, assuming collinear factorisation, leads to a
divergent amplitude, already at the leading order. We emphasize that such a problem with collinear
factorisation exist only for channels where the 2-gluon exchange in the 7-channel is allowed.
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