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We study the exclusive photoproduction of a z% pair with large invariant mass M 5,,, which is sensitive to
the exchange of either two quarks or two gluons in the ¢ channel. In this paper, we show that the process
involving two-gluon exchanges does not factorize in the Bjorken limit at the leading twist. This can be
explicitly demonstrated by the fact that there exist diagrams, which contribute at the leading twist, for
which Glauber gluons are trapped, due to the pinching of the contour integration of both the plus and
minus component of the Glauber gluon momentum. For the same reason, z°-nucleon scattering to two
photons also suffers from the same issue. On the other hand, we stress that there are no issues with respect
to collinear factorization for the quark channels. By considering an analysis of all potential reduced
diagrams of leading pinch-singular surfaces, we argue that the quark channel is safe from Glauber pinches,
and therefore, a collinear factorization in that case follows through without any problems. This means that

processes where gluon exchanges are forbidden, such as the exclusive photoproduction of 7%y and p%*y,

are unaffected by the factorization breaking effects we point out in this paper.

DOI: 10.1103/PhysRevD.111.034040

I. INTRODUCTION

During the last decades, hard exclusive processes have
been shown to be very promising in order to perform the 3D
tomography of nucleons. The standard approach to analyze
such processes is collinear factorization, which allows
for the computation of the scattering amplitude as the
convolution of a hard part, calculable in perturbation
theory, and other nonperturbative functions describing
the transition between in/out hadronic states and partons.
These include distribution amplitudes (DAs) and general-
ized parton distributions (GPDs).

Various 2 — 3 exclusive processes have been studied
in order to probe GPDs [1-9]. A proof of factorization of
such 2 — 3 processes was recently derived in [10,11]. In
addition to giving access to chiral-odd GPDs at the leading
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twist [1,2,9], they give enhanced sensitivity for the extrac-
tion of the x dependence of GPDs [12], beyond the
“moment” type information, compared to the traditionally
well-studied exclusive processes, such as deeply virtual
Compton scattering (DVCS) [13-18] and deeply virtual
meson production (DVMP) [19-29].

An interesting case among 2 — 3 exclusive processes
is the exclusive photoproduction of a 7’y pair with large
invariant mass," which, owing to the quantum numbers of
the produced pair, is sensitive to both the exchange of quarks
and gluons in the 7 channel. We computed the gluon-induced
amplitude for this process at leading order and leading twist,
assuming collinear factorization. Surprisingly, we found that
the amplitude diverges when the double convolution of the
coefficient function (hard part) with the gluon GPD and DA
of the 7° meson is performed, already at leading order (LO).
This is quite unexpected since the similar computation
for the photoproduction of a z%y pair [7,8] and of a
p"*y pair [2,9], which only have contributions from quark
GPDs, is free of such singularities. The aim of this paper is to
analyze the origin of the singularities which we discovered in

'We note that, in line with the proof of Qiu and Yu [10,11],
what is imposed in practice is large relative transverse
momenta of the outgoing meson and photon with respect to
the nucleons [8,9].
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the gluon GPD channel computation of the photoproduction
of a 7% pair.

More precisely, the singularity in the double convolu-
tion occurs when the dominant light cone momentum
components of both a gluon from the proton and a
quark from the pion become much smaller than the hard
scale Q. The singular points in loop momentum space
are therefore the endpoint of the convolution integral
involving the pion DA, and the points x = +£ between
the Dokshitzer—Gribov—Lipatov—Altarelli—Parisi (DGLAP)
and Efremov—Radyushkin—Brodsky-Lepage (ERBL) regions
[30]. The latter have been termed breakpoints in [17] or
cross-over linesin [31]. Atleading twist, the breakpoints have
been found not to cause any problems in well-established
processes involving GPDs, such as DVCS and DVMP,
because the integration contour is either not pinched in the
breakpoint region, or its contribution is power suppressed.
In this paper, we describe, for the first time, a situation
where the breakpoints are responsible for the breakdown of
collinear factorization at leading twist.

We argue that the origin of the above-mentioned singu-
larities is that the photoproduction of a 7z’ suffers from
a Glauber pinch.2 This can be traced back to a region,
contributing at the leading power in the hard scale, where
a subgraph collinear to the incoming photon is present,
which enables the trapping of a soft gluon in the Glauber
region. The latter corresponds to a region of loop momen-
tum k where

KTk~ | < k3

; (1)

in light cone coordinates (see Sec. 11 B).

It is important to note that this is in contrast to usual
cases of “endpoint-like” divergences that do quite generi-
cally appear, mostly at subleading powers. In those cases,
endpoint divergences are usually due to active palrtons3
becoming (ultra)soft, meaning that all components scale in
the same way. In the present case, we find that the region
where both partons (from the nucleon and the pion)
are (ultra)soft should not be responsible for the aforemen-
tioned divergence, because it is power suppressed; see
Secs. IV D, IV E, and V F. On the other hand, we find that a
region where an active gluon from the nucleon has Glauber
scaling, while a quark from the pion is soft, contributes at
leading power; see Sec. V E. We therefore conclude that the
divergence should be attributed to this region.

We stress that in processes where two-gluon exchanges
in the ¢ channel are forbidden by symmetry [2,7-9], there
are no factorization breaking effects, and the proof of

>A similar phenomenon was also observed in pion dissociation
to two jets in [32,33]. The pinch there also corresponds to
collinear-to-soft Glauber exchanges; see Sec. IV.

"By “active parton,” we mean here a collinear parton, con-
nected to some nonperturbative object, that participates in the
hard scattering.

factorization of [10,11] still holds. On the other hand, a
direct consequence of our work in this paper is that other
related processes involving two-gluon exchanges, such as
the exclusive production of a photon pair from z°-nucleon
scattering, considered in [10], also suffer from the same
Glauber pinch problem.

The so-called “Glauber pinch” is an elusive property.
There exist different approaches in the literature, which
correspond to different interpretations of what a “Glauber
pinch” or a “Glauber region” actually means. The Landau
condition [34], and its corollary, the Coleman-Norton
theorem [35], are rigorous tools in determining IR singu-
larities and the associated (pinched) regions of loop momen-
tum space. However, the Landau condition in its standard
form only provides one with the ‘“exact” pinch-singular
surfaces (PSSs), when certain particles are exactly massless
and on shell. In particular, it does not distinguish between
soft and Glauber pinch, both of which correspond to a 0-
dimensional PSS where the loop momentum is exactly zero.

The structure of this paper is as follows. In Sec. II, we
briefly review important concepts relating to singularities
of Feynman graphs, including the formulation of the
Landau condition with an illustration of the simple example
of a bubble graph. In Sec. III, we introduce the necessary
definitions and clarify the choice of frame. In Sec. IV, we
first give a brief review of the reduced graph technique for
determining IR singular regions of Feynman diagrams of
arbitrary order in a,. Subsequently, we provide a complete
catalog of superficially leading regions of the exclusive
photoproduction of a 7% pair and discuss in depth their
power counting after taking into account cancellations due
to Ward identities. We will find that a specific reduced
graph, Fig. 2(e), might be of leading power given that
some momenta of the “soft” subgraph are pinched in a
complicated configuration involving the Glauber scaling.
In the following, Sec. V, we show in great detail that this is
indeed the case for the particular Feynman diagram in
Fig. 3. We also show that, for this example, the genuinely
“soft” regions (where all loop momentum components
scale in the same way) are next-to-leading power. A
necessary component of the power counting analysis is
to take into account the possible cancellations in the sum
over graphs due to gauge invariance. In Sec. VI, we show
through a detailed analysis in the Feynman gauge that the
superficial leading power of the Glauber region is not
reduced by such cancellations. In Sec. VII, we give a
heuristic perturbative argument for the soft-end suppres-
sion of the pion distribution amplitude corresponding to
the behavior ¢, (z) ~z as z = 0. We conclude the main
part of the paper in Sec. VIII. In Appendix A, we show the
explicit tree-level result of the hard coefficient function
in naive collinear factorization and demonstrate that the
corresponding double convolution integral is logarithmi-
cally divergent. Finally, Appendix B contains a simple
one-dimensional example of a pinch, and Appendix C
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contains the Landau condition analysis of the collinear
pinch in the off-forward kinematics.

II. SINGULARITIES OF FEYNMAN INTEGRALS:
A BRIEF REVIEW
A. General discussion

Consider a generic form of an L-loop Feynman integral
in d dimension with »n internal lines, given by

N(w, z)

dde —
i—o(Dj(@, 2) + i€)

I(z) = lim

2)

e—0" JRdL
where z is a collection of external momenta and masses
and w denotes the loop momentum combined into one
vector. The product in the denominator runs over all
internal lines of the graph, with D; being the denominator
of the propagator associated to the line j. The functions D;
and N are analytic functions of the components of @ and z
with real coefficients. For our purposes, it is sufficient to
assume that there are only massless particles with quadratic
denominators, i.e.,

Dj(w,z2) = g7 (@, 2), (3)

where ¢g; is the four-momentum of the line .

Assuming that UV divergences are regularized, the
integral is manifestly finite before the limit e — 07 is
taken, since D; is real on the initial integration hyper-
contour R%. As ¢ — 0%, possible PSSs D; = 0 approach
the integration contour, but by virtue of the multidimen-
sional version of Cauchy’s theorem, we might still be able
to deform the initial integration hypercontour to complex
values to avoid the PSSs. Whenever one cannot make such
a deformation at some point wg, we say there is a “pinch”
at wg (assuming there are no cancellations at the pinch from
the numerator).

The Landau condition provides a rigorous way to
identify pinches. The statement is as follows: Given
7, wg € R such that the set

D={je{l,...n}D;(ws,z) =0}, (4)

is nonempty, we have a pinch at @y if and only if there exist
real and non-negative numbers qa; for j €D such that

(1) At least one of the @; is nonzero.

. oD;

2) Vie{l,....dL}: Zjepajd—wlf_(a)s;z) =0.
It is important to keep in mind that the existence of a pinch
does not necessarily imply the existence of a singularity
of I(z). It merely identifies obstacles of contour deforma-
tions, by considering only the denominators. In order to
determine whether such a pinched point wg actually leads
to a singularity, one must perform a power counting
analysis which is illustrated in the following subsection.

k
—
p
—>
—
p—k

FIG. 1. Bubble diagram used to illustrate potential pinch
singularities for different external momentum p.

B. Bubble diagram as an illustration
of pinch singularities
Consider the bubble diagram, shown in Fig. 1, as a
simple example,

. 1
1(p) :éli‘&/d4k(k2+ie)((p—k)2+ e O

First, consider the case where p? # 0 and k = 0, which
means that the denominator k2 + ie, as well as its first
derivative, are zero. According to the Landau condition,
this gives a pinch, since trivially

alk = 0, (6)

is true for any @; > 0. However, as can be easily verified
by explicit calculation, I,(p?) is finite for p?> > 0. In fact,
we have here an example of a case where a pinch does not
give a singularity. This can be understood through power
counting. Generally speaking, a pinch implies that we have
to consider a neighborhood of the pinch as a region of the
loop integral, where the loop momentum is forced to have a
certain asymptotic scaling depending on the PSS. By power
counting, we can estimate the size of the contribution from
this subset of the loop integration region (including the loop
momentum space volume).

Indeed, near k = 0, we can assign to k a scaling for each
component k* ~ m.,* where m can be viewed as an IR cutoff
to the integral. Then,

1 1 1
—2 d4k_~_2

p k~m k2 P k~m ak k- (7)

The phase space volume gives a factor of m*, and the
denominator gives a factor of # giving an overall scaling
m?, which is clearly finite as m — 0.

*By ~, we mean an extended version of the usual asymptotic
equivalence, in the sense that f(x)~g(x) as x—0 if
f(x)/g(x) - const as x — 0. The limit x — 0 is omitted from
notation and usually clear from the context.
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Consider now the case where both denominators of /;
are zero, and apply the Landau condition. This gives the
three equations

=0, p*=2p-k=0, ajk+a(k-p)=0,
oy, 0 ZO, (o4} —|—a2 > 0, (8)
1.€.,
k> =0, p?—2p-k=0, k=ap, (9)

where 1 > a > 0. This can only have a solution if p? = 0.
This is of course nothing but the well-known collinear
singularity.

For later convenience, we reanalyze the integral /| using
light cone coordinates. They are defined with respect
to two lightlike vectors n,7 with n?> = i = 0 with the
normalization condition » - 7 = 1. Without loss of general-
ity, we choose

1
n=—=(1,0,0,~1), =

V2

For a generic vector V, we define

(1,0,0, 1)~ (10)

Sl

Vt=n-V,
Vo=n-V,
VA = VE— Vit — Vot (11)

We will commonly denote a vector V in terms of its light
cone components by

V= (Vv V). (12)

It is instructive to investigate the behavior of I; near
p?> = 0. For this, we go to a frame where p is highly
boosted in the n direction, so that we have

p~ (2 1L4)p". (13)

where we investigate the asymptotic limit A — 0 with p~
fixed. Consider the region of the loop integral where
k, ~2Ap~. Then

K* +ie = 2kTk™ + O(2*(p™)?) + ie, (14)
(p—k)>+ie==2(p~—k7 )kt +0(2*(p~)*)+ie.  (15)

Suppose that 0 < k= < p~; then the poles in k™ are on
opposite sides of the k™ contour. Further suppose that we
are in a region such that k™ ~ p~ and p~ — k= ~ p~, so that
the poles in k* are separated by a distance of order A’>p~. In
this situation, we say that k™ is trapped to be of O(4%). We
illustrate this point by a simple 1D example in Appendix B.

We can estimate the contribution from this region by
using the scaling k ~ (42, 1,1)p~. The phase space vol-
ume is now given by 1*(p~)* while the denominators in
this region give m, so that we get an overall estimation
A0, corresponding to a logarithmic divergence as 4 — 0,
from this region. This is of course consistent with the
usual logarithmic collinear singularity of the bubble
integral.

III. KINEMATICS AND FRAME CHOICE

We focus here on the specific case of 7’y photopro-
duction:

7(q) +N(py) = v(q') +2°(p,) + N'(py). (16)
with

2 2 .2
PN =Py =My,

2_ .2
pr=mz,  (17)
where my is the nucleon mass and m, is the pion mass.
We introduce the conventional notation associated to the
off-forward nucleon system

_pPvt N

P ;
2

A= PN — PN 1= Az. (18)
The kinematic restriction where factorization of the process
in Eq. (16) is expected to hold, according to [11], is that
in the center-of-mass (c.m.) frame with respect to the
momenta A and g, the transverse components of ¢’ and p,

are much larger than \/|t|, m,, my. Consider the generic

large scale to be O ~ \/|¢'}|.\/|p2 | in the c.m. frame

with respect to A and ¢, and the generic small scales to be
|t], m,, my, Agcp- Thus, we investigate the limit where

0 — oo with /|t],m,, my, Agcp fixed. We parametrize
this limit by a generic dimensionless parameter

lN{V t’mmmN’AQCD} -0
Q .

(19)

For our purposes, it will be more convenient, especially
for the power counting in Sec. V, to consider the c.m. frame
with respect to A and p,. Our choice of frame is defined
by A, = p,, =0. The condition of small ¢ implies
that py, py can be viewed as approximately collinear in
the 7 direction, so that we have the order of magnitude
estimations

PNy AP~ (1,22,2)0, (20)

P~ (A2.1.2)Q. (21)

034040-4
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Equation (20) implicitly assumes that the skewness

A+

= 22)

is neither very small nor very close to 1.

On the other hand, all the momentum components of the
two photons are of order Q in this frame, ¢, ¢’ ~ (1,1,1)Q,
with the condition that they are real, i.c., ¢> = ¢2 = 0.
Therefore, one should keep in mind that one can have
singularities when virtual particles become collinear to g
or ¢'. Note that since the photons are physical particles,
their energies, which are the sum of the plus and minus
momenta, are positive. Together with the on shell con-
dition, this implies that g™, ¢~,¢'", ¢'~ > 0.

IV. SCALINGS

We start by making an analysis of the reduced diagrams
that contribute to the amplitude in powers of the hard
scale Q [36-39]. Reduced diagrams are a convenient way
of finding the different regions of the loop momentum
integration that give leading contributions to the amplitude.
These correspond to the PSSs, where some components
of loop momenta are “trapped” by poles of denominators
of internal lines, in the same spirit as discussed in Sec. II.
A convenient way to identify pinches is provided by the
Coleman-Norton theorem [35], which states that a pinched
configuration in loop momentum space, i.e., a PSS,
corresponds to a classical scattering process. This means
that the pinched (or on shell) propagators correspond to
lines which represent classical particles propagating for-
ward with time, whereas the hard propagators are shrunk
to points. In a neighborhood of such a PSS, the integrand
can become very large so that, although the volume of the
phase space region may be small, the region gives a large
contribution to the whole integral.

Exact PSSs can be determined by the Landau conditions.
Suppose an external particle (e.g., meson) has exactly a
four-momentum squared of zero. Then, the Landau con-
ditions predict an exact pinch for the loop momentum of the
corresponding quark or gluon line when it is collinear, and
when it is soft. In practice, external particles have nonzero
four-momentum squared, for instance of order A>. This
implies that the pinch now becomes approximate, since the
poles are now separated by a distance of O(1).° Still, the
approximate PSSs still limit possible contour deformations,
restricting loop momentum components to have certain
maximum sizes.

The photons can also be quasireal, with g2 ~ ¢’ ~ 2. This
does not spoil the arguments in this paper.

For example, one could define the distance as |57] + |57+
|61 |, where § is the difference between two pole locations and | - |
denotes the absolute value.

However, note that when massless internal particles are
involved, the soft pinch is always exact, independently
of the momenta of external particles, and appears when
the momentum of a massless propagator is zero. This is
because the Landau condition gives a pinch whenever the
momentum of a single massless propagator vanishes, as
illustrated in Sec. II B. This might not always lead to an IR
singularity because of the numerator and momentum space
volume factors that may suppress this region. Whether
there is indeed an IR singularity requires an analysis on a
case-by-case basis. This is because there can be other
denominators that become small, that compensate for the
suppression coming from the numerator and phase space
measure. Since a generic loop momentum k is always
pinched at k = 0, one should always consider the scaling

ke~ (A Ass As) Q. (23)

where 1, < 1. In principle, one has to consider all possible
scalings of A, relative to A. Since all that matters is whether
we can neglect some components of a soft momentum with
respect to, say, a collinear momentum, the only relevant
cases are A, ~ A, called soft, and A, ~ A2, called ultrasoft
(usoft). Whether one may “choose” one or the other is a
very subtle question. When internal particles are massless
and there are only collinear or hard external particles,
typically the ultrasoft region is the relevant one for fixed
order Feynman graphs. This is because the loop integrals
expanded in the soft region are typically scaleless and
are therefore not needed to reproduce the asymptotic
expansion of the loop integral in the well-known method
of regions [40,41]. However, this need not be true in
general, as we will see in Sec. V.

Moreover, it can be argued that in exclusive processes,
the ultrasoft momentum modes are unphysical, by the
virtue of confinement, in the sense that their wavelengths
~ ﬁ are much larger than the sizes of the hadrons involved,
which are ~ i Hence, taking into account nonperturbative
effects, one should consider massless propagators to
be effectively cut off at virtualities around A*Q* ~ Agcp.
However, for the sake of factorization proofs, the question
of whether it matters if one considers only the soft region,
the ultrasoft region or both remains unclear. In fact, in most
of the literature on factorization of processes involving
GPDs, e.g., [11,17,19], only the ultrasoft scaling is used to
treat the “soft” region. This is essentially due to conven-
ience, because it greatly simplifies the graphical power
counting, by the virtue of ultrasoft lines attaching to
collinear lines without putting them off shell. Therefore,
the following all-order power-counting analysis in this
section is done in the spirit of the above-mentioned works
in order to exploit the same convenience.

It is worth mentioning at this point that the scaling in
Eq. (23) is opposed to the Glauber scaling, where all

034040-5
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components are much smaller than Q, but the transverse
momentum is larger than the product of plus and minus
momenta; see Eq. (1). It is precisely this Glauber scaling
that plays an essential role in our current paper, and leads to
the breakdown of collinear factorization in the process of
exclusive 7’y photoproduction.

In summary, the different relevant scalings for a generic
momentum k are’

k~Q(1,02,2)  fi-coll., (24)
k~Q(2,1,0)  n-coll., (25)
k~Q(22,22,2%) ultrasoft, (26)
k~Q(A,4,2) soft, (27)
k~Q(1,2,2)  hardii-coll., (28)
k~Q(2,1,2) hard n-coll., (29)

k~Q(A%,22,2)  #i-coll. to n -coll. Glauber, (30)

p =4 —no. (ext. lines),

k~Q(A 42, ) ii-coll. to soft Glauber,  (31)

k~ QA% 2, 4) n-coll. to soft Glauber.  (32)

Each Feynman diagram may have multiple regions, or
equivalently reduced graphs, where we assign to each line a
scaling—hard, collinear, or usoft (soft is not considered at
this point)—and correspondingly group lines and vertices
together into hard, collinear or usoft subgraphs. Assuming
that all lines in a subgraph have the same scaling, we can
derive, by dimensional analysis and Lorentz transformation
properties of Feynman graphs, an order of magnitude
estimate for a given region R associated to some reduced
diagram. In QCD (and in Feynman gauge), the Libby-
Sterman formula, which applies only to momentum
configurations with collinear, hard, and usoft scalings,
reads as [36-39]

contribution from R ~ QPA%, (33)

where

a = no. (lines from coll. to hard) — no. (scalar pol. gluons from coll. to hard) — no. (ext. lines of coll.)

+ 2no. (gluons from usoft to hard) + 3 no. (quarks from usoft to hard) + no. (quarks from usoft to coll.)

+ no. (gluons from usoft to coll.) — no. (scalar pol. gluons from usoft to coll.). (34)

Since the power of the hard scale is always equal to the
mass dimension of the corresponding contribution to the
amplitude, we will set Q =1 throughout for notational
simplicity.

We refer to gluons of “scalar polarization” as those
associated with the leading component of the metric
tensor in the propagator of the gluon connecting between
subgraphs. To make this more precise, consider a gluon
connecting an 7-collinear subgraph A* to a hard subgraph
H*, where u is the index that is contracted by the gluon
propagator of collinear momentum [~ (1,42, 4). Then,
by the Lorentz transformation properties of Feynman
graphs, we have A# ~ (1,12, ), which can be understood
by considering A¥ in the rest frame (where all components
scale in the same way), and then boosting to the frame
where [ is collinear. On the other hand, typically,

"The hard-collinear scaling shown here simply corresponds to
the sum of a collinear and soft momentum. We note that the
meaning of hard-collinear is context dependent. To get the correct
method of region expansion, one has to take (4, I, \//_I)Q as the
hard n-collinear scaling (and similarly for n < 7).

|
H* ~(1,1,1), since it is composed of only hard
momenta.8

We neglect overall factors of 1%, since we only consider
the relative scaling with respect to the y index here. The
dominant contribution in the contraction of A# with H* thus
corresponds to

A,H" = A, (n"7")H, 4 nondominant terms.  (35)
We now apply the Grammer-Yennie decomposition,
AH' = A, (K" 4 G")H,, (36)

where the K term extracts the dominant contribution.
From Eq. (35), and in preparation for later use in Ward
identities, we write

ntlr

KW =" G =g - K (37)

$This is discussed in Chapter 5 of [39].

The I* in the denominator needs to be equipped a ie
prescription that is compatible with the contour deformation
out of the Glauber region, if possible. This prescription is tacitly
implied throughout this text.
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For a usoft S-to-A gluon of momentum [~ (42,12, 4?),
where S# ~ (1,1, 1) (up to an overall power of 1) is a usoft
subgraph, we correspondingly decompose

A S = A, (K™ 4 G*)S,, (38)
where
_ MY - _
KW = l? , GH = g — K*., (39)

Of course, we could also have chosen K* = & However,

the specific structure of K leads to Ward identity
cancellations after summing over all possible insertions
of the gluon to the subgraph A¥. This is in contrast to the
A-to-H case in Egs. (35)—(37), where the corresponding
Ward identity cancellations occur as a result of summing
over all possible gluon attachments to the H subgraph. The
specific choice for the structure of tensor K is also linked to
how we group subgraphs together; see Sec. IV C.

Similar decompositions apply for collinear subgraphs
in a direction other than 7. Thus, for B-to-H and S-to-B
gluons, we have the same Eqgs. (37) and (39) with n < 7
and [T <> [7, where B is an n-collinear subgraph.

By construction, the G(G) term is suppressed relative to
the K(K) term here. We will therefore refer to the scalar
polarized gluons (K or K terms) as “K gluons” and to the
nonscalar polarized gluons (G or G terms) as “G gluons.”
We stress that the relative suppression of G gluons with
respect to K gluons is not true in general if they are trapped
in the Glauber region, as discussed in Sec. VL.

In Fig. 2, we present a catalog of all relevant superficially
leading and superleading regions of the process in Eq. (16),
in the spirit of the Coleman-Norton picture. “Superficially”
means that the scaling obtained from the Libby-Sterman
power counting in Eq. (33) might still be corrected to be
suppressed by powers of A, due to cancellations when
summing over all graphs. These possible cancellations,
due to Ward identities (WIs), are a fundamental ingredient
for factorization proofs in QCD. We discuss each of the
reduced graphs in Fig. 2.

We need to establish that there is no soft gluon which is
trapped in the Glauber region. A necessary condition for the
appearance of the Glauber pinch' is the presence of at least
two initial state external particles in different directions and
two final external state particles in different directions,
which are each connected to collinear subgraphs (given that
there are no soft external particles). The external final state
particles may or may not be in the same direction as the
external initial state particles.

An example where a Glauber pinch exists, when the
initial and final state collinear particles are in the same
direction, is the double diffractive exclusive process

'%See Chapter 5.6 of [39].

FIG. 2. Graphs (a) to (f) represent superficially leading and
superleading reduced diagrams for the photoproduction of z%.
The leading power is determined by graphs (a) and (b), which
scale like 4. The A/B subgraphs are collinear subgraphs in the
nucleon/pion directions, H is the hard subgraph, and S is the usoft
subgraph. The A-to-H gluons, which are shown in bold, are
transversely polarized. The dots represent any number of K
gluons which accompany the line(s) in question.

p1P2 = Pipyry, where pi/py and p,/p) define two
separate light cone directions, and the two photons have

large opposite transverse momenta, which forces them to be
produced in the hard scattering. In this case, the trapped
Glauber gluon is exchanged between the two collinear
spectators in the lightlike directions p,/p}| and p,/p5,
respectively.

On the other hand, if there is only one pair of external
incoming and outgoing particles in the same direction,
say pi/p while p, and p), are in different directions, then
the Glauber gluon can be exchanged between a p/p)
collinear spectator and a soft spectator exchanged between
p» and p). This is the type of Glauber pinch that happens
in the process we are considering here, and schematically
corresponds to Fig. 2(e), with the A-to-S gluon having
Glauber scaling. The difference that a single photon is
produced here, instead of two as in the previous example, is
irrelevant for this discussion.
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We remark that the above arguments imply that if the
incoming photon is virtual then there cannot be a Glauber
pinch. This is because, in that case, the incoming virtual
photon has to be connected to the hard subgraph, and thus
there cannot be more than one external incoming particle
connected to collinear subgraphs.

A. Graph (a)

Consider first the reduced graphs in (a) of Fig. 2. In [11],
it has been shown that these regions factorize in terms of a
GPD and the pion DA. Standard arguments imply that the
K gluons from A, B to H subgraphs decouple after applying
the region approximation when summing over H sub-
graphs, forming the Wilson lines in the GPD and DA.
Graph (a) scales as A', which defines the leading power for
the process under consideration.

Furthermore, standard arguments show that the usoft
subgraph decouples in (a), and then gives unity. For this
argument to work, it is necessary that an A-to-B gluon'' is
not trapped in the Glauber region /, ~ (42,242, 4). In [11], it
was shown that for gluons connecting the A and B sub-
graphs, one can always deform the Glauber gluon to a
collinear-to-A gluon. We highlight that the necessary
conditions for a Glauber pinch are not satisfied here, since
the incoming photon is connected to the hard subgraph.
Hence, there is only one external incoming particle con-
nected to a collinear subgraph.

B. Graph (b)

For t-channel gluon exchanges, we explicitly consider
separately the case where the A and H subgraphs are
connected by two transversely polarized gluons, which is
represented in graph (b). The situation when both or one
of these two gluons are K gluons corresponds to graph
(c) instead, which is discussed in the next subsection.

The same arguments as in graph (a) apply here, which
imply the standard factorization in terms of a gluon GPD
and DA for the pion, with the K gluon factorized in terms
of Wilson lines inside the GPD and DA, and the soft
factor giving unity once again. The overall scaling of graph
(b) is A!, like for graph (a).

C. Graph (¢)

The exact power counting of graph (c) depends on whether
the gluons connecting the subgraphs are G or K gluons.
Naively, the dominant power corresponds to A~!, which
corresponds to the case where all the gluons are K gluons.

First, we note that as for graphs (a) and (b), there is no
Glauber pinch for (c), so the A-to-S and S-to-B gluons are
strictly usoft.

""The subgraph S can be “trivial,” in the sense that it contains
just a single line, such that an A-to-S-to-B gluon is really just an
A-to-B gluon.

We will now argue that, after the sum over all subgraphs,
the contribution from graph (c) is actually power sup-
pressed, since there are at least three G gluons [i.e., all the
gluons that are explicitly drawn in graph (c) in Fig. 2].

Consider an A-to-H gluon, which has a collinear
momentum [, ~ (1,12, 1)Q. Then, the K term is given by

v
n*lv

AM?HU. (40)

Next, consider an S-to-B gluon, which has an ultrasoft
momentum [, ~ (42,42, 4%). The corresponding K term
reads as

ntly
S, ?Y B,. (41)
For what follows, it will be useful to group certain sub-
graphs together. Thus, we denote the grouping of the
subgraphs X; and X, by X; x X,. It is apparent that the
K terms of the gluons connecting A x S to H X B are
proportional to /- (H x B). In an Abelian gauge theory,
[-> (H x B) = 0 where the sum is over all H x B sub-
graphs, so that the K components vanish.'?

In QCD, this is more involved due to its non-Abelian
structure. However, it is well established that gauge
invariance dictates that, for a group of one or more
subgraphs that have no quark/antiquark attachments, at
least two gluon attachments must be G gluons in order not
to get zero."” The remaining gluons can be either G or K
gluons. However, having more than two G gluons leads to
even further power suppression. Thus, we need to have at
least two G gluons between > H x B and > A X S.

Moreover, we can apply the same argument for the
gluons between Y H x B x S and ) A. The correspond-
ing K term of an S-to-A gluon reads as

ntly
S, ?“A,,. (42)
Using the same line of thought as before, this implies
that we need to have at least two G gluons between
> H x B x Sand ) A. Since we have already established
that there needs to be at least two G gluons between
> H x Band ) A x S, the consequence is that there needs
to be at least three G gluons in total."* Hence, the power
counting of graph (c) is actually 4°.

The sum over graphs also includes S-to-H attachments, but
these are power suppressed by Eq. (34), so they do not influence
the argument.

YThis is discussed in Chapter 11.9 of [39].

The same argument can be used to argue that there exists a
contribution with two A-to-H G gluons. This corresponds exactly
to graph (b).
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A situation with exactly three G gluons corresponds to
graph (c) where all the explicitly drawn gluons are G
gluons. We note that other situations may occur, for
instance, having two A-to-S G gluons and two S-to-B G
gluons. However, the latter situation suffers from even
further suppression, by one extra power of A.

D. Graph (d)

This region has already been mentioned in [11].
Superficially, this region is of the leading power (i.e., it
scales as A!). The additional assumption that is made relies
on the so-called “soft-end suppression,” which states that
the leading twist pion DA ¢, (z) vanishes linearly at the
endpoints z = 0, 1. This fact is well established [42]. This
implies that the B subgraph, when integrated over k™ and
k|, behaves like k= as k= — 0. Therefore, we get a further
suppression compared to Egs. (33) and (34), making graph
(d) power suppressed. In Sec. VII, we provide some more
details on this issue.

Note that in the related process of DVMP, it is not
necessary to invoke soft-end suppression. This is because
when the incoming virtual photon is longitudinally polar-
ized, one automatically obtains additional suppression from
the hard subgraph [19]. However, this argument does not
work here, so one needs to rely on soft-end suppression for
exclusive 7y photoproduction.

E. Graph (e)

Superficially, it scales as A°. However, by the same
argument as in Sec. IV C, using the WI, at least two of
the gluons connecting the collinear subgraph A with
> H xBx§xC must be G gluons. This introduces a
suppression of A2, bringing the effective scaling of graph
(e) to be A%. On top of this, graph (e) experiences soft-end
suppression.

Still, it should be noted that this argument applies only if
all lines in the S subgraph are strictly usoft. As mentioned
earlier, graph (e) corresponds to a situation where one can
have a Glauber gluon exchange between a collinear
spectator inside subgraph A and the soft quark spectator
connecting collinear subgraphs B and C (which passes
through subgraph S). We will later show through an explicit
example in Sec. V that we have a pinched configuration
when an S-to-A gluon has the Glauber scaling [ ~ (4, 42, 1),
while the S-to-B and S-to-C quark lines have the soft
scaling k ~ (4, 4, 1). It is worth highlighting that the Libby-
Sterman power counting rules in Egs. (33) and (34) do not
apply for these scalings. Consequently, we perform an
explicit power counting of this pinched configuration in
Sec. V E, and we find that it scales as 4, which is the leading
power defined by graphs (a) and (b). Furthermore, we stress
that soft-end suppression is already taken into account by
our power counting, such that it is not enough to make this
region power suppressed.

For the Glauber gluon [ ~ (4,42, 1), the key observation
is that

I-A~TTAT+1, - A}, (43)
[-S~ITS~+1,-S,. (44)

In particular, ["TAT ~[, -A, and [TS™~1[, -S,. The
contributions /| - A, and /| - S| correspond to the G term,
which is not suppressed compared to the K term. Thus, the
G term “‘survives” after using the WI, and the overall power
for this region remains A. This is discussed in detail in an
explicit example in Sec. VL.

Therefore, collinear factorization is broken for the
exclusive photoproduction of 7%y pair, since there is a
Glauber pinch of the A-to-S gluon in graph (e), which
contributes to the leading power as defined by graphs (a)
and (b).

F. Graph (f)

For completeness, we also consider the graph (f), which
at first sight is similar to (e), in that it has a subgraph C
collinear to an external photon. As before, when the §
subgraph only involves usoft momenta, the same argument
as for graph (e) applies, such that we find that the overall
scaling is A2, which is a suppressed contribution.

We highlight that there is no Glauber pinch for this
configuration, since there is only one initial state particle
connected to a collinear subgraph, here A (the incoming
photon is connected to the hard subgraph H). Thus, the
necessary condition for a Glauber pinch to exist, discussed
earlier, is not satisfied here.

V. EXPLICIT EXAMPLE WITH GLAUBER PINCH

As explained in Sec. IV E, collinear factorization for the
exclusive photoproduction of a z% pair is broken by the
presence of a Glauber pinch, which we can identify with
Fig. 2(e) when the A-to-S gluon has Glauber scaling. To be
clear, the region that actually “breaks” factorization is not
the case where the lines of the S subgraph are usoft, but
are instead pinched in a more complicated configuration
that prevents the relative suppression of the G gluons.
Therefore, throughout this section, whenever we refer to
graph (e) in Fig. 2, we specifically mean the Glauber pinch
configuration.

In this section, we consider explicitly the two-loop
diagram in Fig. 3, which has a region of loop momentum
space that corresponds to graph (e). This is similar to the
type of analysis that was done in the factorization proofs for
DVCS [17] and DVMP [19].

We recall that the scalings for the external particles are
given in Egs. (20) and (21). The blobs .4 and /5 contain only
lines that are collinear to the nucleon and pion systems
respectively. We will use the fact that they are proportional
to the unit matrix in color space, which is true because the
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FIG. 3. A diagram that has a Glauber pinch. Bottom right: For
the Glauber scaling in Eq. (61), it corresponds to Fig. 2(e).

external particles are color singlet states. In the blob A, the
momenta are dominated by the collinear direction along py
and p,s, while in blob B, the momenta are proportional
to the pion momentum p,. The momenta p, ~ (1,4%,2)
and pg~ (A%,1,4) are loop momenta that circulate only
through the subgraphs A and B respectively.

For our purposes, it is sufficient to describe the sub-
amplitudes A and B, which we define to include the
external quark propagators as well as d*p, and d*pg
respectively, by their vector component in Dirac space.15
That is, they can be taken to be A"y, and B"y, respectively,
where, by dimensional analysis and Lorentz covariance, we
have A ~ (1,42,4) and B ~ (43,1, 42). To see this, we can
use the argument from Chapter 5.5 of [39]: Consider the
subamplitude A4* in the rest frame of the nucleon. By
dimensional analysis (since Q = 1), Agp ~ (4,4, 4). Now,
we boost to the frame where py, py have large momentum
in the 7 direction. By Lorentz covariance, after the boost,
we can write A* ~ A% p#, where a is some number. To fix it,
we note that the 1 component of 4* remains unchanged
after the boost. Therefore, we conclude that ¢ = 0, which
means A* ~ pt ~ (1,2%,2), as was claimed. We note that
this analysis works since the subamplitude A* contains
only lines with momenta that have 7i-collinear scaling. A
similar analysis is also performed for B. The additional
power of A1in B, compared to .4, is due to the fact that the
subgraph B has one external line less.

To derive the scaling, we write the diagram in Fig. 3,
using the Feynman gauge, as

/ P2 gl F ), (45)

ISStrictly speaking, one should project onto the axial-vector
contribution of BB for the leading twist pion DA, but we consider
the vector case here for simplicity.

where, omitting the ie prescriptions,

WY - tr[’%/l/ ([5 - l)}/ﬂ/}
Fa=drdl, (120 A (pn - 1>2>’ (46)

vl il) o
P = dkdI*
X¢Z}(d’+lﬁﬂ—k)r”(ﬂi—k—l)¢q(k+l)y”. (48)

(¢ + pr—k)* (g —k—=1)*(k +1)?

The grouping of the measures of the loop momentum
components in the above expressions (relevant for the
scaling) has been done in the spirit of collinear factoriza-
tion. That is, with the collinear scaling, F, can be
“identified” with the GPD, Fj with the pion DA, and
Fy with the coefficient function. To consider the most
general case, however, we keep all the integral signs
outside the different parts on the rhs of Eq. (45).

A. Collinear pinch

We start by reviewing the familiar case of the collinear
pinch, which corresponds to the region in Fig. 2(b) of
Fig. 3. The pinching of the quark of momentum k in the
region k ~ (42,1, 1) follows immediately from the analysis
in Sec. II B. For the / momentum, the relevant propagators
are, assuming that [, ~ 4,

P +ie =21"1" + O(2%) + ie,
(1= A+ ie = 2(I* — A*)I- + O(2) + e,
(1= pa)? +ic = 201" = pD)- + O(2) +ie.  (49)

Itis clear that [~ is pinched to be of O(4?) in various regions
of I ~ 2° depending on the sign of p ~ 1% and AT ~ 1°.
Indeed, one can readily show that the conditions for the
pinch are

max(A*, pi,0) > [T > min(AT, p1,0).  (50)

This can be seen either directly, by observing whether there
are poles on opposite sides of the [~ contour, or by using the
Landau condition in the limit A — 0; see Appendix C. One
must be careful, however, whenever the plus momenta
of the lines involved become much smaller than unity. In
that case, the collinear scaling (1,/12, A) is not correct, and
the corresponding line should rather be described by a
(ultra)soft scaling (4, 4, 4,), which we treat separately.
Since kinematically A™ < 0, Eq. (50) becomes

pi > 1T > AT,

0> [T > min(AT, pi),

for pi > 0,
for pi < 0. (51)

034040-10



BREAKDOWN OF COLLINEAR FACTORIZATION IN THE ...

PHYS. REV. D 111, 034040 (2025)

FIG. 4. Diagrams which illustrate the collinear pinch in the
trivial case, where the target is just a quark.

Thus, we conclude that [ is trapped in the collinear region
[~(1,22,2). We use that to justify inductively that
Py = Pi = —py. For example, if A is trivial in the sense
that we consider the target to be just a quark, so that it
consists of the sum of the two diagrams in Fig. 4, we can
have either p} = p}, = (1 —&)P* > 0 for the uncrossed
or pi =—-pp=—-(14&P" <0 for the crossed graph.
Identifying [T = (x — £)PT, Eq. (51) results in the well-
known classifications of the DGLAP and ERBL region:

1>x>+¢  (DGLAPI)
+&>x>-¢  (ERBL)
—&>x>-1. (DGLAP II) (52)

It is interesting to remark that the /> + ie is not needed
to pinch I~ = O(4?) in the region p, > [T > A™. Hence,
I can actually be much smaller than A0, ie., close to the
boundary between ERBL and DGLAP regions, without
“losing” the pinch in [~. Indeed, the corresponding pole

for [~ from the [> + ie propagator is [~ = —%, which is
separated from the origin by a distance much larger
than A%. However, the pinch that forces [~ = O(4?) is
retained by virtue of the other two propagators in Eq. (49).

Note that in this case, the I 4 ie denominator becomes “off

shell” in the sense that [~ ~ 1> < | 2% |, which implies that [
has a Glauber scaling; see Eq. (1). This is an important
feature of the off forward kinematics (since A™ < 0), which
will be relevant in the next subsection.

B. Pinch analysis for the Glauber region

From the discussion at the beginning of Sec. IV, we
have established that the soft pinch is always present,
and should be considered. Therefore, we start our analysis
in this section by considering the scalings k ~ (4,4, 1)
and [~ (4,4,4). However, owing to the poles of the
other propagators in the amplitude, it might be that the
+ and/or — components are pinched to be much smaller,
e.g., A%, while the transverse component still scales as 4.
This is precisely the Glauber pinch situation. The crucial
question then is whether in the neighborhood of the soft
pinch, there are poles which force / to be in a Glauber-like
region in the diagram in Fig. 3.

q k+1 k
= pfr
q—Fk—I pe—k
\
[ —A q !
pa—A pa—1 PA

FIG. 5. The simplified version of Fig. 3, where the arrows
indicate the flow of internal loop momenta. For the Glauber pinch
analysis, it is sufficient to focus on the propagators that depend
on [, and not k. The lines of momentum p, — k and ¢/, drawn in
gray, are not relevant for the Glauber pinch analysis. The black
dot denotes the hard reduced vertex.

As argued above, we fix k~ (4,4,4), and [, ~ 4, and
focus on the pole structure of /*. The pinch analysis then
reduces to the one-loop graph in Fig. 5. Recall that AT < 0
and g~ > 0 kinematically. Then, the four relevant propa-
gators can be written as

(pa—1)*+ie=2p; (=" + O(2*) +sgn(py)ic), (53)
(A =1)? 4 ie = =2AF (I + O(2?) + ie), (54)
(g —k—=1)?%+ie=2q"(=I" +O0(1) +ie), (55)
(k+1)? +ie = 2k~ (I* + O(2) + sgn(k™)ie).  (56)

It can be easily checked that these estimates remain true
also in the center-of-mass frame with respect to g and A,
where ¢ has its dominant component along n, and p, and A
have their dominant components along 7.

From Egs. (53) and (54), we find that /= is pinched to
be of O(4%) for p; > 0. This was also identified in our
analysis in Sec. V A, and this fact alone does not imply that
[ is pinched in the Glauber region. We now need to also
check whether [ can be deformed to be much larger than 4.
From Egs. (55) and (56), we find that [T is pinched16 to be
of O(4) for k= > 0.

It is important to highlight that the pinches in [T and [~
here do not depend on the [*> + ie propagator, which is
actually off shell here. Instead, they depend only on the
four equations in (53) to (56). This is typical of Glauber
scalings. Moreover, we note that it is precisely the fact that
we are in off forward kinematics that allows the Glauber
pinch here to occur only from the two gluons probed from
the nucleon, which are usually the “active” partons that

In the case where the incoming photon is virtual, the
(g — k — 1)? propagator is hard by definition, so /* is not pinched
anymore. Hence, the corresponding Glauber pinch, identified
here in photoproduction, does not occur.
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participate in the scattering. This is in stark contrast with
Glauber pinches that occur in cases with forward kinemat-
ics, for example in Drell-Yan, where the Glauber gluon is
never one of the “active” partons.

We thus observe that [T is pinched at the incoming
photon vertex with the poles being separated by distance
~A, implying that [T ~ A has the size of a soft scale. On the
other hand, owing to the different signs of A" and pj,
I- ~2% is still pinched to be the size of the minus
component of a collinear momentum, i.e., the usoft scale.
An important point is that the Glauber pinch might be
“spurious” in the sense that it disappears after translating
the loop momenta in a certain way. This argument can be
crucial in showing that the Glauber pinches are absent,
for example in diffractive Deep Inelastic Scattering (see
Sec. III E of [43]). Thus, it is necessary to show that the
Glauber pinch is there for all possible routings of loop
momenta. In our case, we could think of translating
k — k — [, which reroutes the / loop momentum through
the meson lines. However, it is easy to see in that case that
the lines carrying momenta p, — k + [ and k — [ still pinch
I to be O(4). For the case where we swap g <> ¢’ in
Fig. 3, it can be shown that there always exists a rerouting
of the loop momentum / such that there is no Glauber
pinch. This confirms our initial statement regarding the
necessary conditions to have a Glauber pinch in Sec. IV.
This important point is discussed in detail in Sec. V C.

Therefore, we conclude that / is trapped in the 7-coll. to
soft Glauber region [ ~ (1, 4%, 1). Note that the topology of
the graph in Fig. 5 is actually very similar to the classic
Glauber pinch that occurs in the Drell-Yan process.17 In
upper diagram of Fig. 6, the Glauber exchange occurs
between the spectator collinear quark of the nucleon, and
the soft spectator quark joining the incoming photon with
the outgoing meson. This corresponds to a 7 coll. to soft
Glauber, Eq. (30), which is exactly the pinch that we
demonstrate in this subsection. We note that the same
type of Glauber pinch has been found to give a leading
power contribution in [44], in the context of gaps between
jets observables in hadron-hadron collisions. In fact, the
pentagon topologies that these authors consider in Fig. 2
of their paper correspond exactly to the topology shown
in our top panel of Fig. 6, including the same scalings of
the external momenta (to match their notation, one needs
to simply swap plus and minus momentum components).
In the Drell-Yan case, on the other hand, the Glauber
exchange occurs between two collinear spectator partons
of the two incoming nucleons, as shown in the lower
diagram in Fig. 6. This leads to the “standard” collinear-
to-collinear Glauber scaling in Eq. (29).

""We remark upon the well-known fact that in the inclusive
Drell-Yan process, the Glauber contribution, while pinched, is
canceled at the cross section level due to unitarity.

n, (A%, 1,\) s s

> (A A N)
Gs (A A20)
n

(1,22, )

n n n

n n n
(N, 1)

G (A%, A%, \)

(1,02, ))

n n n

FIG. 6. Comparison between the Glauber pinch in our case and
the Drell-Yan process. Top: collinear-to-soft Glauber exchange in
the c.m. frame with respect to ¢ and A. This corresponds to our
case, cf. Fig. 5 with the gray lines removed. Bottom: collinear-to-
collinear Glauber exchange. This corresponds to the Drell-Yan
case. In both cases, the symbols next to the lines denote
the scaling of the momentum of that line, which is 7i(n) for
fi(n) collinear shown in green (magenta), s for soft (blue), n, for
collinear to the incoming photon (magenta), and An, for hard
collinear to the incoming photon (orange). Here, “hard collinear”
means that the component along the direction of the incoming
photon is of order 1 while all other components are of order A.
The black dot represents the hard vertex, where all the hard
propagators have been shrunk. The symbol G (G) corresponds to
a collinear-to-collinear (collinear-to-soft) Glauber gluon. Note
that we take the initial photon to be quasireal for the sake of
generality.

C. Rerouting of momenta in pinch analysis

To show that a given diagram suffers from a Glauber
pinch, it is not sufficient to show that such a pinch
takes place for a particular routing of the loop momen-
tum. Indeed, there generically exist such “spurious”
Glauber pinches which happen if the loop momentum
that is supposedly pinched in the Glauber region is
routed in a “bad” way. In other words, while a Glauber
pinch might be there for some particular routing, it
might disappear if one translates some other loop
momentum in a particular way. This argument is crucial
in showing the absence of Glauber pinches in diffrac-
tive hard scattering [43].

Thus, in order to prove the claim that the process
considered here suffers from a Glauber pinch, it remains
to show that the Glauber pinch persists if one routes the
loop momentum [ in Fig. 3 the other way through the
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meson system,18 which is achieved by the substitution
k — k — [ of the k loop momentum integral.19 This will be
demonstrated in this section, and we will further show that
for the crossed, i.e., g < ¢/, version of the diagram in
Fig. 3 [which is nothing other than topology (f) of Fig. 2],
the Glauber pinch can be avoided by routing [/ in the
“correct” way. This is consistent with the claim made in
Sec. IVF that there is no (nonspurious) Glauber pinch
corresponding to the reduced diagram in Fig. 2(f).

First, consider Fig. 3, and take the soft scaling for the k
and / momenta, i.e., k, [ ~ (1, A, 4), as was done in Sec. V B.
There, we also showed that the [~ component is pinched
to be of O(4%) from the propagators coming from the
collinear-to-A subgraph, a result that we will use here.
Then, in order to show that [ is pinched in the Glauber
region, it remains to argue that /™ is also trapped to be O(4).

A simplified version of this diagram is shown in the top
diagram of Fig. 7, where the hard subprocess is shrunk to a
point. The green arrows on the lines show the routing of
the / momentum, while the arrows next to the lines show
the direction of flow of the n-momentum component (or
equivalently the — component). The purple arrows corre-
spond to large components, which are fixed from the
external kinematics (recall ¢g=,¢'~ > 0, and ¢~, ¢~ ~ A7),
while the red [blue] arrows correspond to the soft momen-
tum component, which is of O(4), for the case
k— <0 [k~ > 0]

If the routing of the momentum [ is such that it goes both
along and against the flow of — momentum, then there are
poles on opposite sides of the contour in [*. To see this,
consider a generic propagator with momentum r + [, with
|r~| > |I"|. Writing

(r+02+ie=2r(I" +---+sgn(r)ie), (57)

we find that the position of the /T pole in the complex
plane depends on the sign of r~. If r~ > 0, which means
that the routing of the / momentum is along the flow of the
n-momentum component, then the [* pole lies below the
real axis. On the other hand, if r~ < 0, which means that
the routing of / momentum is opposite to the flow of the
n-momentum component, then the [ pole lies above the
real axis.

Therefore, in order to have poles on opposite sides of
the [* contour, one needs to have at least two propagators
such that the flow of the n-momentum component is along
one and against that routing of /. Thus, determining

"Note that there are only two possible routings for
the momentum /, since our explicit example in Fig. 3 is a
two-loop diagram.

Note that translations in the loop momentum / are imma-
terial. Indeed, our analysis is to determine whether the momen-
tum of the collinear-to-soft gluon line is pinched in the Glauber
region, while such translations merely correspond to the relabel-
ing of the momentum of that gluon line.

7"
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FIG. 7. Diagram (e) of Fig. 2, with two possible routings of the
[ momentum, shown by the green arrows on the lines. The labels
next to the lines correspond to the momenta in the direction of
the green arrows. The purple arrows show the flow of the large
~% n-momentum component. The blue (red) arrows indicate the
flow of the small ~A! n-momentum component for k= > 0
(k= < 0). I is pinched in the case of k= > 0.

whether the /™ component is pinched or not reduces to a
graphical exercise.

For example, consider the top diagram of Fig. 7 for
the standard routing for / (by standard, we mean that it
corresponds to the routing for / in Fig. 3). In that case,
the two relevant propagators (i.e., those that have poles
in [") are

(I+k—q)*+ie=2(k—q)~[I* +O() +sgn(k — q)~ie],
(58)

(k+1)* +ie = 2k~[I" + O(A) + sgn(k)~ie]. (59)

Since (k — ¢)~ < 0, the routing of / momentum is against
the flow of the n-momentum component in the (I + k — q)
propagator. Hence, the [T pole of this propagator is above
the real axis. Similarly, for Eq. (59), for k= > 0, the routing
of / momentum is along the flow of the n-momentum
component in the (k + /) propagator. Hence, the I* pole of
this propagator is below the real axis.

To summarize, the crucial criterion for the existence of a
Glauber pinch is that there are no possible routings of /
momentum such that the flow is always along or against
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the flow of the n-momentum component. From Fig. 7,
one finds that

(1) For k= > 0 (blue), both routings of / momentum
produce poles on opposite sides of the contour,
which implies that the /T component is pinched.
This is the Glauber pinch we identify in this paper.

(2) For k= <0 (red), there exists a routing (through
the meson system) of the / momentum such that
the poles in I lie on the same side of the contour.
This corresponds to any of the possible routings
shown in the two diagrams in Fig. 7.

To contrast with the above pinched configuration, we
now turn to the case where the incoming photon is swapped
with the outgoing photon [which corresponds to diagram
(f) in Fig. 2]. The possible routings of / momentum in this
case are shown in Fig. 8. In this case,

(1) For k= > 0 (blue), there exists a routing (through
the photon vertex) for which the flow of [ is always
along the flow of » momentum. This is shown in the
top diagram in Fig. 8. Note that if the other routing
for / in the bottom diagram is chosen, one would find
a pinch in [, which is of course spurious.

(2) For k= < 0 (red), there exists a routing (through the
meson system) for which the flow of / is always
along the flow of n momentum. This is shown in the

%ﬁ %éi

d+k+1 9
W y
k+1 g
g
g g <« —>
g g -
§ g
1§ Hi_A
d d
q \q
<« —> —>
é pr—k+1
¢$ é ¢p3+l—k
g l—k
< g < -
g g —>
g g
1§ I—A
g

FIG. 8. Diagram (f) of Fig. 2, with two possible routings of
the / momentum. The same notation as in Fig. 7 is used here. In
this case, there is no “true” pinch in [, no matter what the sign
of k™ is.

bottom diagram in Fig. 8. Again, if the other routing
for [ in the top diagram is chosen, one would find a
spurious pinch in /7.

Therefore, we find that the configuration correspond-
ing to diagram (f) in Fig. 2 does not have a Glauber pinch.
This is consistent with the claim made in Sec. I'V. Indeed,
there cannot be a Glauber pinch for diagram (f) since it
has only one incoming external particle connected to a
collinear subgraph.

To illustrate the points made in this section further, we
find it useful to draw the diagrams for (e) and (f) in the
simplified form in Fig. 9. The top and bottom panels
correspond to diagrams (e) and (f) respectively. The cases
with k&~ >0 (blue) and k&~ <0 (red) are considered
separately, with the flow of the n-momentum component
shown in purple (large component), and red/blue (small
component). In each case, there are two ways to route the
flow of / momentum, either by going left or right from the
top. There is a pinch in [T if any routing of the [ goes both

-2 !
P

Pr

AVAVAV/

NZ
i,

i-a
A

N
q . N P

™

¥

FIG. 9. Simplified versions of diagram (e) [top] and diagram (f)
[bottom] used to investigate the possible routings of the /
momentum. The left and right panels correspond to k= > 0
and k= < O respectively. As in Fig. 7, the purple arrows show the
flow of the large ~A° n-momentum component, while the blue
(red) arrows indicate the flow of the small ~A' n-momentum
component for k= >0 (k= <0). The flow of the I loop
momentum component is from top to bottom. Routes that do
not have a pinch are colored in green while routes that do are
colored in orange. Except for the case k= > 0 in diagram [(e) top
left diagram], there is no pinch in /", since a routing for [ exists
such that the flow of / is always along or always against the flow
of the n-momentum component.
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against and along the flow of the n-momentum component.
It is clear from Fig. 9 that [T is pinched only in the top left
panel [i.e., the diagram corresponding to Fig. 2(e) with
k=~ > 0]. For all other cases, a routing for [ exists such that
I is not pinched. The unpinched routings are shown in
green, while the pinched ones are shown in orange.

D. Power counting for the collinear region

Let us first derive the canonical scaling in A in the
case of the collinear pinch. Such a case corresponds to
k~(2%,1,2) and [~ (1,4%,1). We also project onto the
transverse polarizations of the gluons, i.e., we pick the
indices u, u',v,V/ to be transverse, by virtue of the WIs.
This then implieszo

;o 12 ﬂ?’
H V) a4t _ 90 at
F'AL N)y ﬂ_ﬁ_l, FBN), 1—6_/11’
/10
Fiytt 2055 =0, (60)

giving an overall scaling of A. This exactly corresponds
to the leading power scaling we found in Sec. IV for
graphs (a) and (b).

E. Power counting for the Glauber region

. . 21
Next, we consider the scalings

ko~ (A,4,4), I~ (2,22,2). (61)
We have argued in Sec. IV that the K term for both gluons
vanishes by the Ward identity. Therefore, we may take the u
and y' indices to be transverse in Fig. 3. We stress, however,
that the same cannot be done for the Glauber gluon carrying
momentum /. Indeed, in Sec. VI, we will see that, for
the Glauber scaling, the component of the metric tensor
contracting v and ¢/ that gives the leading contribution
(after the sum over graphs) is

nyl,,
- l+l 4., (62)

Gw/ =
where ... denotes terms that do not contribute to the leading
power. To summarize, to get the leading contribution,
we should count with u, /,v = 1 and v/ = +, for which
we get

Owe separate the factors according to the following scheme:

numerator
F ~ momentum space volume X ——— .
denominator

?!The same conclusion in this section would be reached for any
on shell scaling of the type k ~A(1%,1,43), where 0 < a < 1.
They are all equivalent to the same singularity, in the sense that
they all correspond to the same expansion of the two-loop
amplitude analyzed in Eq. (45). Note that for a > 0, this scaling
corresponds to a soft-collinear scaling.

B e oy
A ~ /’{—6 — ) B ~ /,{_4 — )
A
Fi ~ B 5= (63)

Hence, we find that the overall power of this contribution
is A, which is the leading power. It is worthwhile to point
out that, when the index ¢/ is transverse, the scaling for

FZML ~ 9, which implies suppression in that particular
case. The crucial point is that with the Glauber scaling,
one can take the index v/ = +, which actually leads to an
enhancement by one power of 4 in the collinear-to-A sector
of the amplitude, even though Fp is suppressed by one
power of A [cf. Egs. (60) and (63)]. Therefore, the
amplitude as a whole gets the same leading power of 4
as the collinear region in Sec. V D.

Finally, we note that such an analysis takes into account
the soft-end suppression from the pion distribution ampli-
tude, since ¢, ~ flﬂFB ~ k™ ~ 1 (where we used f, ~ 10).
This is discussed in more detail in Sec. VIL

F. Power counting for the soft region

To illustrate our argument at the beginning of Sec. IV E
that the soft region gives a power-suppressed contribution,
we show here explicitly that when

k~ (/15,/13,/13), [~ (/Imls’/ls)? (64)

where
l Z j’S z }“27 (65)

the diagram in Fig. 3 scales as O(4%). This again relies on
the WIs, and the related discussion around Eq. (42), which
implies that for the sake of power counting, we can take
the p, ', v,/ indices to be transverse. This fact holds
irrespective of the exact size of A, satisfying Eq. (65).
We thus obtain

Filiyl ~ ,ﬁj_i =10, Fp~213 /1‘/‘;;2 =2,
ARAR 2/15 0
Fitt ~ 205 =20 (66)

which gives a total power of A2. We remark that one can

also take different A, A for k and [ respectively. It is easy
to show that this gives 12—

max(42,42)’

scaling is much smaller than 1> unless A, ~ A..

such that the overall

VI. WARD IDENTITIES IN THE
GLAUBER REGION

We illustrate explicitly how the WIs fail to give an extra
suppression when the gluon has Glauber scaling. For this,
we have to extend the analysis beyond the single graph
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FIG. 10. Class of graphs relevant for the WI cancellations of
Fig. 2(e). In this context, we can identify U = H x Bx C x S.

in Fig. 3, which has the Glauber pinch, to all graphs that
contribute at the same order in a,. We stress that this is an
essential step for the argument presented in this work, since
even though we could get a leading power for a particular
graph, as was done in Sec. V E, this does not imply that the
sum over graphs would also have the same leading power.
Nontrivial cancellations between graphs arise due to gauge
invariance, which manifests itself through Wls. We will
argue that the leading power contribution of the Glauber
region persists after the sum over graphs.

To start, consider Fig. 10, and let F’ ’,‘j” be the contribution
from the subgraph U and F*" be the contribution from the
subgraph A, which includes the gluon propagators, as well
as the corresponding phase space measures dI~d*l, as
in Eq. (46). An example of subgraphs U and A corresponds
to the diagram in Fig. 3, where U =H x B x C x S.
Therefore, we can identify F, with the expression in
Eq. (46) and F}/ = tr[FgF%/], with Fp and F’; being
defined in Egs. (47) and (48) respectively.

Now, in the Feynman gauge, the amplitude reads as

S [ Pt = [A0m (6D
AU

where the sum ), ;; goes over the set of subgraphs A and
U containing the case of Fig. 3 and also, relative to this
diagram, all possible connections of the two A-to-U gluons
into the upper and lower subgraphs. Moreover, we have
defined A" =3, F% and U" =Y, F}/. The Ward
identities are

0=1,A" =1,A"
=1,0" =1,0", (68)

where we defined ' = [ — A. Equation (68) can be readily
checked by explicit calculation (without performing any

integration, since it holds at the level of the integrand,
provided we can translate the loop momenta internal to A
and U respectively). It implies that the K term vanishes in
the sum over graphs, which is in line with the statement that
at least two gluons connecting the subgraphs must be G
gluons; see Sec. IV. Note that for more than two gluons, any
additional K-gluon contribution would not be zero, but it
would instead give the same result as the emission of K
gluons from a Wilson line in the adjoint representation.

Using Egs. (46)—(48), the superficial power counting
analysis done in Sec. VE for the Glauber scaling in
Eq. (61) gives™

U~ 2 A~ 12pipt, (69)

where p ~ (1,4%,1) is a generic fi-collinear momentum,
and it is implied that all components of U*" scale as A2.

However, by virtue of Eq. (68) these estimations might
be smaller due to cancellations in the sum over graphs. For
instance, since ' is 7 collinear, we get

r I'-

U ==t 0" =g U~ 2, (70)

N lijae 1T

At = LA - A (71)
i.e., the u = — component in U is suppressed compared to

the superficial diagram-by-diagram estimate in Eq. (69).
This result justifies taking the gluon carrying momentum
in Fig. 3 as being transverse, as was done in Sec. V.

The crucial point now is that for the Glauber scaling
in Eq. (61), the WIs in Eq. (68) do not give additional
suppression. Indeed, we have

N Lyjoa 17 -

U/‘ = — l+/ U}U — _l+ UI4+ ~ /’{2+5" , (72)
A L 15 o

At = — A — R (73)

The o#~ that appears in the power of 4 in Eq. (72) is just a
consequence of the Wl in Eq. (70). One therefore concludes
that taking the index v = — in U gives no suppression,
in contrast with Eq. (70), where y = — in U* resulted in
suppression by one power of A.

Note that when p is transverse, the superficial power
counting estimate in Eq. (69) is unchanged for the Glauber
scaling of [. Therefore, Eqs. (72) and (73) imply that
[U=A"™ ~ 2!, which is the leading power.

“The subtlety that F%/ has some additional suppression for
v =+ for the particular graph in Fig. 3 is irrelevant for the
following argument. It will not be so for the other graphs, so that
U" will have the scaling in Eq. (69).
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In other words, the combination AWU’“’ only suffers
from a single power of A of suppression after using the
WIs (due to the I’ gluon momentum), such that its overall
scaling is then the leading power 4, like the graphs (a)
and (b) in Fig. 2.

To illustrate this further, we note that, as stated earlier,
the K term cancels in the Grammer-Yennie decomposition
in Eq. (36) by virtue of the WIs. We are thus left with the G
tensor, defined in Eq. (37), which can be written as

- nl

GP(l) = g7 + P — n”nﬂF— i

(74)
Using Eqgs. (69) and (74), it can be readily shown that
A G (NG, (10

i /l,~ l/l A
- <9u’i - n/;/ft) - 1+l] U+ o). (75)

Note that the contribution from the upper subgraph U can
be written entirely in terms of its transverse components.
This corresponds to the fact that one can calculate the hard
scattering coefficient with transverse gluon external states.
Equation (75) clearly shows that the Glauber contribution
scale as A. We highlight that this is due to the n”[’—i“ term,
which is not suppressed when considering the Glauber
scaling [~ (4,4%,4), compared to the collinear scaling
situation, where the n’}:i“ term is suppressed by one power
of A, since I’ ~ (1,42, 2). This justifies taking the indices
in Sec. VE to be u,v, 4’ = 1, and v/ = + to perform the
power counting for the Glauber region.

VII. PERTURBATIVE ANALYSIS
OF ENDPOINT BEHAVIOR

The parton distributions like DA (¢,) and GPDs (F,, F)
usually have a well-established endpoint behavior when the
corresponding light cone component of a parton vanishes.
For example, ¢,(z) ~zas z — 0 and F,(x,§) and Fy(x,$)
are nonzero and continuous, but nonanalytic, at x = £&
[30,45]. These properties can be obtained, e.g., through
studying the scale evolution. In this section, we perform
simple perturbative analysis and show that they are con-
sistent with the above properties that are supposedly valid
beyond perturbation theory.

A. Distribution amplitude

Consider first the pion DA, which we represent by the
expression of Fy in Eq. (47) integrated over k* and k|,

p() = £7! / Ak dk

KB(p. — K)
(k* +ie)((pr — k)* + i€)((pg — k)* + ie)’
(76)

where it should be recalled that B~ (4%, 1,4%) and the
measure of d*py is contained in B. As indicated, we treat
¢(k™) as a function of k= (where k= = zpj) and we should
therefore evaluate the integral on the rhs at a fixed k™.

Firstly, using p; > pp > 0, it easy to see, from the pole
structure or from the Landau analysis done in Sec. II B,
that ¢(k™) is only nonzero if p; > k= > 0, which repro-
duces the well-known support properties of the DA. It is
also easy to see that outside of the end-point region, i.e.,
for k= ~ 1%, we have a singularity corresponding to the
collinear pinch k ~ (4%,1,1). Power counting for this
region gives (k™) ~ 2°.

Let us now focus on the end-point region, and consider
two cases, k= ~ A and k= ~ A2. We note that for any Glauber
scaling for k, we can always perform a contour deformation
such that k is soft and usoft respectively. This is because
the poles in k* from the (k— p,)? and the (k— pg)?
propagators lie on the same side of the k™ contour when £ is
(u)soft. To illustrate this explicitly, consider a soft scaling
for k ~ (4,4,4):

(k= ppo)?+ie=0=kt = O(2) +ie. (77)

The k* propagator on the other hand has a pole in k"
given by

2
K+ie=0= k"= —% —sgn(k™)ie
= kT = O(1) — sgn(k™)ie. (78)

Thus, we find that the pole in k™ lies on the opposite side
of the contour for k= > 0. However, the pole of the k>
propagator is not “strong” enough to pinch k" to be much
smaller than A'. Hence, in order to obtain the scaling
of ¢p(k™), we should assume the scalings k ~ (1,1, 1) and
k ~ (A%, 2%, %) respectively.

Consider first the case where k is usoft, i.e.,
k ~ (A%,2%,2%). Naively, we can pick in the numerator
KB~y pr. ~A* which gives the estimate ¢~ f7'Fp~
1‘1/16%~ A. This appears to contradict (k™) ~k~ as
k= — 0. Indeed, one should investigate the numerator more
carefully. Note that after integrating over pp (recall that
the measure d*pj is implicitly included in B, such that the
mass dimension of 5 is two), we must have, by dimensional
analysis and Lorentz covariance,

B*
/(]?B—k)z = aph + pk*, (79)

where a~24"! and p= O(17!), whose scalings are
obtained by relating the power of A for each index pu.
Since k is usoft, we can neglect the second term, so that
after inserting Eq. (79) in Eq. (76), we get
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o [ e, Mapia
¢ fﬂ / J-kZ(p”_k)Z
2471
N/l_llﬁﬂ—6’\’j,2. (80)

In other words, for usoft k, we get an additional suppression
from the numerator due to having only a single external
momentum available, namely the momentum of the pion.
What happens is that the terms 5~y p, | and B, y" p; in
the numerator of Eq. (76), each scaling as 24, cancel each
other, such that the numerator then effectively scales as 23,

The same also holds for the soft case, i.e., when
k~ (A, A, 4). The numerator in Eq. (80) changes to
Kap, + PR)(Be— ). with a~l and f=0(").

Repeating the same analysis as in the usoft case, we get

k(a;ﬁ,, +ﬁk)(ﬁ7r - k)
k2<pﬂ - k)2

b fo! / di* &k,

~A—1,13£~/1 (81)
2o

This concludes the discussion of the DA.

B. Quark GPD

We will now discuss the analogous case for the quark
GPD, which will nicely illustrate the difference in endpoint
behavior compared to the DA. Let

F (") = /dz—dzzl
LA (P = v —1)

“xie)(py —py -1 +ie)(pa— 17 +ie)

(82)

where A ~ (1,42, 2) is a collinear subgraph which contains
the measure of the p, ~ (1,4%,1) loop momentum. In
Sec. VA and Appendix C, we discuss the pinching of the /~
contour with the important conclusion, that in addition
to the collinear, soft, and ultrasoft pinch we also have a
Glauber pinch [~ (4,42, 2) if we fix> It ~ 1. Thus, we
consider all of these four cases in the following.

As in the DA case, the numerator A in Eq. (82) contains
the measure d*p,. Repeating the integral performed in
Eq. (79) for the quark GPD case at hand, we get

AH
| oo ek (8)
Let us start with the collinear scaling, i.e., [ ~ (1,/12,/1).
By equating the power counting on either side of Eq. (83)
for different y, we obtain a, o, # ~ A2, Plugging this into

Eq. (82) gives

A similar pinch [ ~ (A2, 22, 1) would appear if we fix [T ~ A2.

l / ! ’ — —_

F({}O]l(1+)N/dl—alel (alﬁN+(ZpN +ﬁl)(pN > ﬁN D
F(py —pn—1)

27202

/14
As expected, the quark GPD scales as 29 when [ has

collinear scaling.

Consider now the soft scaling for [~ (4,1,1).

Equation (83) remains the same, but this time, a,a ~1~!
and f# ~ O(A7"). Then, the scaling for F,(I*) becomes

~ 24 ~ A0 (84)

1712
Al (85)

onft ( l+) ~ /13

Similarly, the ultrasoft scaling for [~ (1%,12,%) also
gives the decomposition in Eq. (83), with @, o ~ 172 and
B~ O(17%). We then obtain

A72P3
A (86)

ngoft(l+) N&G

For both soft and usoft scalings, the result for the scaling of
F,(I") is somewhat unexpected, since we would naively
expect the quark GPD to be nonvanishing when / becomes
(ultra)soft.

Finally, we take the #i-coll.-to-soft Glauber scaling
[~(A,22,2). Now, a,d ~17% and p~O(1?), which
leads to

Glau. ( 7+ 4 /1_2/12 0
Thus, we find that, unlike the soft and usoft scalings, the
Glauber scaling for / actually gives a contribution to F,(I™)
of order A°. Therefore, we conclude that, from a perturba-
tive point of view, the fact that the quark GPD is non-
vanishing at the breakpoints x££ is fundamentally
connected to the Glauber region.

We highlight that in the DA case, Glauber regions can
all be deformed to the soft regions, which implies that
the soft suppression obtained in Eqs. (80) and (81) is
indeed correct.

VIII. CONCLUSIONS

In this work, we present a detailed analysis of the
exclusive photoproduction of a 7% pair with large invariant
mass. We identify all the leading power contributions, and
show that, in addition to the standard collinear contribu-
tions (quark and gluon channels), there exists a contribution
of the same power which involves a Glauber gluon
exchange between the collinear sector defined by the
incoming and outgoing nucleons, and the soft sector
connecting the incoming photon and outgoing meson.
We show explicitly that this Glauber contribution is
pinched, implying that it cannot be deformed to other
regions. The Glauber pinch that we have identified relies on
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two different loop momenta, which are intertwined in a
specific way that makes the pinch appear. Through a careful
study of a generic two-loop example shown in Fig. 3,
we verify that the power counting of such a contribution
matches the collinear one, and is therefore leading.
Moreover, for this analysis, we also considered all possible
two-loop diagrams connected to that in Fig. 3 by different
gluon attachments, in order to verify that the identified
Glauber region does not become suppressed due to Ward
identity cancellations.

Furthermore, our results imply that the corresponding
crossed process of z’-nucleon scattering to two photons
also suffers from the same issue, since the Glauber pinch is
also present there. One important and peculiar aspect of our
findings is that the pinched Glauber gluon in our analysis
corresponds to one of the two active gluons that would
usually participate in the hard partonic scattering level.
In fact, it is precisely for this reason that the amplitude
diverges if one attempts to compute this contribution,
already at leading order and leading twist, when collinear
factorization is naively assumed.

However, we stress that for cases where the gluon
exchange channel is forbidden, either due to electric charge
conservation in the case of charged meson production, or
due to C-parity conservation in the case of neutral vector
meson production, the Glauber pinch does not exist at
leading power, and collinear factorization at leading twist is
expected to work without issues. To save the phenomenol-
ogy for the photoproduction of a 7% pair, it is necessary
to go beyond standard collinear factorization. The natural
approach is to introduce ky-dependent distributions. We
intend to address this issue in the future.

Finally, we remark that there has been progress in a
new approach for determining pinch singularities through
tropical geometry; see, e.g., [46,47] and for some recent
developments, [48—50]. While this approach is very prom-
ising, because it potentially gives a systematic way to find
all regions, there is still some substantial development
required. It would, however, be interesting to address the
issues encountered in this work using this formalism.
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APPENDIX A: ILLUSTRATION OF THE
BREAKDOWN OF COLLINEAR
FACTORIZATION AT LEADING ORDER

Let us assume collinear factorization naively, and cal-
culate the gluon-induced amplitude for photoproduction of
a 7% pair. This calculation results in divergences in the
double integration over the momentum fractions in specific
Feynman diagrams which exactly correspond to the topol-
ogies where the Glauber pinch occurs, i.e., Fig. 2(e). For
example, the diagram in Fig. 11, which corresponds to
Fig. 2(e) in the limit x - £and 7 - 0, where 2 =1 —z, is

given by
q?j

N

Dy De B
D(l
(1 - Z)pﬂ'
>
(- €)P) fw+epp

FIG. 11. A particular Feynman diagram contributing to the
coefficient function that causes a divergence upon the double
convolution over the momentum fractions x and z with the GPD
and DA.
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— 2P (—(x = E)P = Z2pb,)Y]

15,[75¢ A + 287 (4 — (x=E)P
Moc/dx/dzzzq ol A

—2(x—=&)q-P—=22q- p, +22(x = &)P - p, + i€][22(x = E)P - p, + i€]

$.(2)H
[x — &+ ie][x

o(x.E)gh
+ & — ie]

A > 0.

18220 /dx/ dz = §+Az—l€]([( ;

In the above expression, we have neglected overall pre-
factors, and we have introduced the positive constant
A~ O(1) that corresponds to a ratio of scalar products
of momenta of on shell external particles, noting that all such
scalar products are positive. We have also focused on the
projection onto the unpolarized gluon GPD H, to reduce
clutter in the above expression (the same conclusion can be
reached with the polarized gluon GPD A g as well). The two
denominators that accompany the gluon GPD H (x.¢,1)
in Eq. (A1) come from relating the matrix element of two
gauge fields to the gluon GPD H j, which is defined from the
matrix element of two gluon field strengths,

o .
[ 5 A
_ﬁ(pN’)eru(pN) 5abgj{ Hg(x’f’[)
4pP* N2 —1(x—=Exie)(x+ & Fie)
(A2)

ixz”PT <pN’ |A1 (

The choice of the sign of ie corresponds to the residual
gauge ambiguity of expressing the nucleon matrix
element of two gauge fields in terms of the universal
GPD H,, which is gauge invariant since it is defined
from two gluon field strengths (see Appendices D and G
in [45]). The conventional choice, e.g., in DVCS, is
[x — &+ ie][x + & — ie]. However, neither sign will prevent

the divergence from occurring.24 Finally, we highlight
|

Fa(x? = &) [—al(x* — £)*(1 - 222) + 8x7¢27] —

Z
ikt i’ (A1)

|
that the signs of all other ie factors in Eq. (Al) are fixed
from the Feynman prescription.

In the second line of Eq. (A1), we took the limit x — &
(soft gluon) and Z — O (soft antiquark), which corre-
sponds to the region in Fig. 2(e). Such a region is
of course unavoidable from the integration over the
momentum fractions. Finally, for simplicity, we have
fixed the functional form of the distribution amplitude to
be ¢,(z) ~ zZ.

Therefore, one finds that the amplitude for the diagram
in Fig. 11 has a divergent imaginary part,

1 1 Xx—¢
/—1 dx% d [(x = &) + AZ — ie][x — &+ ie][x — & + ie]
o ilog(e) + O(€Y). (A3)

The pinching of the two poles in the above equation comes
from the two quark propagators D, which becomes sofft,
and D, which becomes collinear to the incoming photon,
in the limit x - £ and 7z — 0.

Moreover, the full amplitude can be computed, and it can
be verified explicitly that no cancellations happen among
the complete set of 24 Feynman diagrams that contribute to
this process. This is of course to be expected by the general
arguments made in this work; see also Sec. VI. The full
amplitude, corresponding to the projection onto the gluon
GPD H, is given by

(1+a?)zz(x* - &)

d M

2 = e il + &) — az(x - 9

1

—i€][z(x = &) + aZ(x + &) — ie]

H,y(x.8)¢h(2)

—iel[z(x = &) +az(x +¢) -
—af(x = &) +2£%7] -

ielt(x+ &) —az(x— &) —ie] | [x—
E(14a*)z(x —¢)

&+ ie][x + & — ie]

e —etidl(x—8)

— 257+ ie][(x — &) + 2&az — i€]

(A4)

In the above, we have again taken the functional form of the distribution amplitude to be ¢,(z) ~ zZ in the second line, and

introduced the dimensionless parameter

*Even if [x — & —ie] is chosen, the pinch will persist. This can be seen by writing the numerator as two parts, [(x — &)z +
i€] — [ie]. The first term will of course be finite, but the second term, while having a factor of ie in the numerator, is actually divergent
logarithmically as log(e) upon performing the double integration. This can be understood by the fact that partial fraction gives rise to

1/(i€) terms in this case.
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(Pr—q)*

(pr+4)

which is neither very small nor very close to 1. In any case,
the divergence will be independent of the exact value of a.
We note that the full amplitude is symmetric under x — —x
and z — Z. Thus, if the divergence persists at x — &£,7 — 0,
it will also be present in three other regions corresponding
to applying the previously mentioned symmetries.

In this way, we find that the divergence illustrated in
Eq. (A3) is still present in Eq. (A4), due to the last term
in the square brackets in the numerator, 2522, which has
only a single power of zero in the limit x — £,Z — 0. This
necessarily causes two propagators to be “pinched,” as
in Eq. (A3).

It is worthwhile to point out that at the level of the full
amplitude in Eq. (A4), the denominators that accompany
the gluon GPD definition in Eq. (A2) cancel out [there is an
explicit factor of x> — £ in the numerator in the first line
of Eq. (A4)]. This cancellation is expected due to Ward
identities, i.e., gauge invariance; see the discussion in
Sec. VI. Therefore, the divergence that one observes in
the full amplitude upon double integration over x and z is
completely independent of the way that the )%_5 and #5
factors are regulated25 in the definition of the gluon GPD;
see the text below Eq. (A2).

Finally, we remark that it should be possible to get a
well-defined asymptotic expansion of the diagram in Fig. 3,
i.e., the integral in Eq. (45) (in the collinear limit, its hard
part reduces to Fig. 11). Rigorously, this can be done in
dimensional regularization, e.g., using the method of region
formalism. It might be possible that other regulators are
needed to give the contribution from each region a well-
defined expression, and possibly one also has to take into
account the overlap contributions. By taking all the con-
tributions into account, the divergence in Eq. (A4) would
not appear. Therefore, the appearance of the divergence in
the amplitude assuming collinear factorization is a direct
consequence of the existence of other regions (which we
have identified as a Glauber region here) to the leading term
in the power expansion in A of the full amplitude. Such an
analysis is beyond the scope of this paper.

a (A5)

APPENDIX B: A SIMPLE 1D EXAMPLE
ILLUSTRATING A PINCH
AND POWER COUNTING

As a trivial example, consider the integral

0 1
Io(m) = 1i dk
olm) = lim | Ak k= m T i)
in
_m BI
L (B1)

25However, the choice of the sign of ie matters at the level of
individual diagrams.

For m # 0, both denominators cannot be zero at the same
time. Therefore, the Landau condition for a single denom-
inator can clearly not be fulfilled.

On the other hand, for m = 0, the Landau condition
reads as

al—O{z:O, al,azzo, al—l—a2>0, (B2)

where a; corresponds to the (k — m + ie) denominator, and
a, to the (—k —m + ie) denominator. Equation (B2) has
solutions @ = a, > 0, implying the existence of a pinch at
k = 0. This corresponds of course to the pole of I, atm = 0
in Eq. (B1).

For one-dimensional integrals such as I, it is easy to
visualize the pinch by considering the contour in the
complex plane; see Fig. 12. The poles coalesce as m — 0
and € - 0" so that the integration contour cannot be
deformed away.

While in this trivial case, it is easy to evaluate the integral
by closing the contour at infinity in either the upper
or lower half plane and using the residue theorem, this
is not so for general classes of Feynman diagrams. In the
following, we will illustrate the concept of power-counting
analysis which, when applied to [y, can be used to
determine the - behavior generically without evaluating
the integral.

The argument is as follows. The integration contour is
forced to pass in between the two poles, with a maximum
distance of m from both poles. It is thus clear that one
needs to investigate the contribution to the integral in a
neighborhood of this approximate pinch. To estimate the
value of the integral, we investigate an integration region
with a size ~m around the poles. To this end, we need
to find a correct estimator for the integrand inside
that integration region. This is achieved by choosing
the blue contour in Fig. 12, since the integrand has the
same order of magnitude NW everywhere in that

A \L

N i

Y

FIG. 12. The integral /o(m) in the complex plane. The poles at
k = £m approach the real axis as ¢ — 0. We can deform the
contour from the real axis (red) to the shown toy contour with half
circles centered at k = £m (blue).
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integration region in that case. The estimate for the
integral / then becomes

, (B3)

which matches the scaling in Eq. (B1) as expected.

Note that what we have done is basically dimensional
analysis. To see this, rescale k — mk, to get an overall %
multiplying an m-independent integral, which is finite
by the Landau condition, and which has to be nonzero,
since the contour passes in between two poles.

APPENDIX C: COLLINEAR PINCH FOR THE
OFF-FORWARD KINEMATICS USING THE
LANDAU CONDITION

We rederive the result in Eq. (50) by using the Landau
equations. First consider the general case of having two on

shell propagators (k — ¢;)> = 0 and (k — ¢,)*> = 0, where
4> =q>=q,-q =0. Then, it is easy to see that the
Landau equations reduce to
k=ag, +(1-a)g,, (C1)
where 1> a > 0. Without loss of generality, take ¢,
and g, to be collinear in the 7 direction. Then k+ =
aq{ + (1 — a)q3, and therefore the Landau equations have
a solution if and only if
max(qy’. ;) 2 k™ > min(q. q;). (C2)
Note that the equalities coincide with soft singularities of
one of the propagators. Applying this result to each pair

of propagators in Eq. (49) immediately gives Eq. (50) as a
necessary and sufficient condition for the collinear pinch.
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