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We extend our studies of a new class of 2 → 3 exclusive processes using the collinear factorization
framework by considering the exclusive photoproduction of a γρ pair, in the kinematics where the pair has
a large invariant mass, and the outgoing ρ meson has a sufficiently large transverse momentum to not
resonate with the nucleon. We cover the whole kinematical range from medium energies in fixed-target
experiments to very large energies of colliders, by considering the experimental conditions of JLab 12-GeV,
COMPASS, and future EIC and LHC (in ultra-peripheral collisions) cases. One of the main interests in
studying the present process is that it provides access to both chiral-even and chiral-odd generalized parton
distributions, depending on the polarization of the outgoing ρ meson, both at leading twist. Our analysis
covers both neutral and charged ρ mesons. We find that the orders of magnitude of the obtained cross
sections are sufficiently large for a dedicated experimental analysis to be performed, especially at JLab,
for both longitudinally and transversely polarized ρ. Furthermore, we compute the linear photon beam
polarization asymmetry which is sizable for a longitudinally polarized meson. These predictions are
obtained for both the asymptotic distribution amplitude (DA) and the holographic DA.
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I. INTRODUCTION

In the present study, we extend our previous analysis
in Ref. [1] of generalized parton distributions (GPDs)
in 2 → 3 exclusive processes, e.g. Refs. [2–10], by
considering

γðq; εqÞ þ Nðp1; λ1Þ → γðk; εkÞ þ N0ðp2; λ2Þ þ ρðpρ; ερÞ;
ð1:1Þ

in the kinematical range from medium energies in fixed-
target experiments to very large energies of colliders,
which correspond to the experimental environments of

JLab 12-GeV, COMPASS, the future EIC and LHC in ultra-
peripheral collisions (UPCs). The main motivation for
considering the above photoproduction process is that it
gives access to both leading-twist chiral-even (CE) and
chiral-odd (CO) GPDs, depending on the polarization of
the outgoing ρ meson, described using its distribution
amplitude (DA), also at the leading twist. In particular,
this process allows us to learn more about the badly known
chiral-odd GPDs. Factorization for this process was
recently proved in Refs. [11,12], in which the hard scale
is provided by the large relative transverse momentum of
the outgoing γ=ρ meson. The work presented here builds
upon our earlier publications [13,14] and our more recent
work [1]. One should note that the present paper extends
the study performed in Ref. [13], which focused on the
neutral ρ0 meson, to ρ0;� mesons of any possible charge.
The paper is organized as follows. Details regarding the

kinematics are recalled in Sec. II. In Sec. III, the non-
perturbative inputs, namely the GPDs and the DAs, are
presented. In Sec. IV, we show how the amplitude can be
expressed in terms of tensorial structures, and how the
computation reduces to that of basic building blocks. This
section ends with a discussion of polarization asymmetries.
Results for the cross sections and linear polarization
asymmetries with respect to the incoming photon are the
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subject of Sec. V. This section ends with an estimation of
counting rates at various experiments. We end with con-
clusions in Sec. VI. In Appendix A, the diagrams for the
chiral-odd case are given in terms of building block
integrals, for both the asymptotic and holographic DAs.
In Appendix B, we discuss the effect, on the cross section,
of the experimental constraints at JLab on the angle of the
outgoing photon. Finally, in Appendix C, the vanishing of
the circular polarization asymmetry with respect to the
incoming photon for the chiral-even case is discussed.

II. KINEMATICS

From Eq. (1.1), one can define the following momenta:

Pμ ¼ pμ
1 þ pμ

2

2
; Δμ ¼ pμ

2 − pμ
1: ð2:1Þ

All momenta are decomposed in a Sudakov basis, such that
a generic vector v can be written as

vμ ¼ anμ þ bpμ þ vμ⊥; ð2:2Þ

with the two light-cone vectors p and n given by

pμ¼
ffiffiffi
s

p
2
ð1;0;0;1Þ; nμ¼

ffiffiffi
s

p
2
ð1;0;0;−1Þ; p ·n¼ s

2
: ð2:3Þ

For the transverse vectors, we use the following
convention:

vμ⊥ ¼ ð0; vx; vy; 0Þ; v2⊥ ¼ −v⃗2t : ð2:4Þ

The particle momenta for the process now read

pμ
1 ¼ ð1þ ξÞpμ þ M2

sð1þ ξÞ n
μ; ð2:5Þ

pμ
2 ¼ ð1 − ξÞpμ þM2 þ Δ⃗2

t

sð1 − ξÞ n
μ þ Δμ

⊥; ð2:6Þ

qμ ¼ nμ; ð2:7Þ

kμ ¼ αnμ þ ðp⃗t − Δ⃗t=2Þ2
αs

pμ þ pμ
⊥ −

Δμ
⊥
2

; ð2:8Þ

pμ
ρ ¼ αρnμ þ

ðp⃗t þ Δ⃗t=2Þ2 þM2
ρ

αρs
pμ − pμ

⊥ −
Δμ

⊥
2

; ð2:9Þ

where M and Mρ are the masses of the nucleon and the ρ
meson respectively. The square of the center-of-mass
energy of the photon-nucleon system is then

SγN ¼ ðqþ p1Þ2 ¼ ð1þ ξÞsþM2; ð2:10Þ

while the square of the transferred momentum is

t ¼ ðp2 − p1Þ2 ¼ −
1þ ξ

1 − ξ
Δ⃗2

t −
4ξ2M2

1 − ξ2
: ð2:11Þ

The invariant mass squared of the γρ system,M2
γρ, provides

the hard scale for factorization. This is guaranteed by
having a large relative transverse momentum p⃗t between
the outgoing photon and meson.
Collinear QCD factorization implies that

−u0 ¼ ðpρ−qÞ2; −t0 ¼ ðk−qÞ2; M2
γρ¼ðpρþkÞ2; ð2:12Þ

are large, while

−t ¼ ðp2 − p1Þ2; ð2:13Þ
needs to be small. In practice, we employ the cuts

−u0;−t0 > 1 GeV2; −t < 0.5 GeV2: ð2:14Þ
We note that these cuts are sufficient to ensure that

M2
γρ > 2 GeV2. Furthermore, the above kinematical cuts

ensure that the ρN0 invariant mass, MρN0 , is completely out
of the resonance region. Indeed, through a numerical
analysis, taking into account Eq. (2.14), we find that1

M2
ρN0 > 3.11 GeV2; ð2:15Þ

which is much larger than the mass squared of the Δ
baryon, m2

Δ ≈ 1.52 GeV2. Thus, unlike the case of the
charged pion in Ref. [1], we find that the larger mass of the
ρ meson with respect to the pion mass is such that M2

ρN0 is
pushed to larger values.
Neglecting Δ⃗t in front of p⃗t, as well as hadronic masses,

we have that the approximate kinematics, as used in the
hard part of the factorized amplitude, is

M2
γρ ≈

p⃗2
t

αᾱ
; αρ ≈ 1 − α≡ ᾱ; ξ ¼ τ

2 − τ
; ð2:16Þ

τ ≈
M2

γρ

SγN −M2
; −t0 ≈ ᾱM2

γρ; −u0 ≈ αM2
γρ: ð2:17Þ

We choose as independent variables ð−tÞ, ð−u0Þ andM2
γρ.

Regarding the polarization vectors, we work in the axial
gauge, such that p · ε ¼ 0. In particular, this implies that
the polarization vector of the initial photon is given by

εμq ¼ εμq⊥; ð2:18Þ

1In all rigor, we should also exclude the kinematical region
where one of the pion decay products from the ρmeson resonates
with the final nucleon. Such a constraint is however difficult to
fulfill at our level since we do not specify the kinematics of the ρ
decay.
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i.e. it only has nonzero components in the transverse plane.
For the polarization vector of the outgoing photon,
one obtains

εμk ¼ εμk⊥ −
εk⊥ · k⊥
p · k

pμ: ð2:19Þ

Regarding the polarization of the ρ meson, we have2

εμρðpρ; LÞ ¼
1

Mρ
pμ
ρ −

Mρ

ðp · pρÞ
pμ; ð2:20Þ

for the longitudinally polarized case. For the transversely
polarized ρ meson, we exploit the transversity relation
pρ · ερðpρ; TÞ ¼ 0 to write the polarization vector as

εμρðpρ; TÞ ¼ εμρ⊥ −
ερ⊥ · pρ

p · pρ
pμ; ð2:21Þ

wherewe have chosen the basis for which p · ερðpρ; TÞ ¼ 0.
The sum over all three polarizations gives

X
i¼L;T

εμρðpρ; iÞεν�ρ ðpρ; iÞ ¼ −gμν þ pμ
ρpν

ρ

m2
ρ

: ð2:22Þ

Using Eqs. (2.20) and (2.21), restricting the sum to only
transverse polarizations leads to

X
T

εμρðpρ; TÞεν�ρ ðpρ; TÞ

¼ −gμν⊥ þ pμpν
ρ⊥ þ pνpμ

ρ⊥
p · pρ

−
p2
ρ⊥

ðp · pρÞ2
pμpν; ð2:23Þ

where pρ⊥ ≡ −p⊥ − Δ⊥
2
; see Eq. (2.9).

Further details on the kinematics can be found in our
previous works [1,13,14].

III. NONPERTURBATIVE INPUTS

For the self-consistency of the paper, we choose to recall
the basic nonperturbative ingredients needed for computing
the amplitude.

A. Generalized parton distributions

For our case, both the p → n and n → p quark transition
GPDs are needed. By isospin symmetry, they are identical
and are related to the proton GPD by the relation [15]

hnjd̄Γujpi¼hpjūΓdjni¼hpjūΓujpi−hpjd̄Γdjpi: ð3:1Þ

Therefore, we only use the proton GPDs in practice. The
chiral-even GPDs of a parton q (where q ¼ u, d) in the
nucleon target are defined by [16]

hpðp2; λ2Þjq̄
�
−
y
2

�
γþq

�y
2

�
jpðp1; λ1Þi ¼

Z
1

−1
dx e−

i
2
xðpþ

1
þpþ

2
Þy− ūðp2; λ2Þ

h
γþHqðx; ξ; tÞ þ i

2m
σþαΔαEqðx; ξ; tÞ

i
uðp1; λ1Þ;

ð3:2Þ

for the chiral-even vector GPDs, and

hpðp2;λ2Þjq̄
�
−
y
2

�
γþγ5q

�y
2

�
jpðp1; λ1Þi ¼

Z
1

−1
dxe−

i
2
xðpþ

1
þpþ

2
Þy− ūðp2;λ2Þ

h
γþγ5H̃qðx; ξ; tÞ þ 1

2m
γ5ΔþẼqðx;ξ; tÞ

i
uðp1; λ1Þ:

ð3:3Þ

for chiral-even axial GPDs. In the above, λ1 and λ2 are the light-cone helicities of the nucleons with momenta p1 and p2.
In our analysis, the contributions from Eq and Ẽq are neglected, since they are suppressed by kinematical factors at the
cross-section level; see Eq. (4.32).
The transversity (chiral-odd) GPD of a quark q is defined by

hpðp2; λ2Þjq̄
�
−
y
2

�
iσþjq

�y
2

�
jpðp1; λ1Þi ¼

Z
1

−1
dx e−

i
2
xðpþ

1
þpþ

2
Þy− ūðp2; λ2Þ½iσþjHq

Tðx; ξ; tÞ þ…�uðp1; λ1Þ; ð3:4Þ

where … denotes the remaining three chiral-odd GPDs whose contributions are omitted in the present analysis.

2Our conventions are such that εμρðpρ; LÞ ¼ ð0; 0; 0;−1Þ in the ρ-meson rest frame.
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The GPDs are parametrized in terms of double distri-
butions [17]. The details can be found in Refs. [13,14], and
we do not repeat them here. The t dependence of the GPDs
is modeled by a simplistic dipole ansatz, discussed in
Appendix E of Ref. [1].
In our current study, which is performed at leading

order in αs, we neglect any evolution of the GPDs/parton
distribution functions (PDFs), and take a fixed factorization
scale of μ2F ¼ 10 GeV2. As in Refs. [1,13,14], the PDF data
sets that we use to construct the GPDs are as follows:
(1) For xqðxÞ, we use the GRV-98 parametrization [18],

as made available from the Durham database.
(2) For xΔqðxÞ, we use the GRSV-2000 parametrization

[19], also available from the Durham database. Two
scenarios are proposed within this parametrization:
(a) The standard scenario, for which the light sea

quark and antiquark distributions are flavor
symmetric.

(b) The valence scenario, which corresponds to flavor-
asymmetric light sea quark densities.
The above two scenarios can be used to obtain an

order-of-magnitude estimate of the theoretical un-
certainties.3

B. Distribution amplitudes

The chiral-even light-cone DA for the longitudinally
polarized ρL meson is defined, at the leading twist 2, by the
matrix element [20],

h0jq̄ð0ÞγμTiqðxÞjρiLðpρ; ερÞi ¼ pμ
ρf

k
ρ

Z
1

0

dz e−izpρ·xϕkðzÞ;

ð3:5Þ

with fkρ ¼ 216 MeV and i ¼ 0;�.4 In the above, q ¼ ðudÞ
is a two-dimensional vector in flavor space, and the
matrices Ti (in flavor space) are defined by

T0¼ 1ffiffiffi
2

p
�
1 0

0 −1

�
; Tþ¼

�
0 0

1 0

�
; T−¼

�
0 1

0 0

�
: ð3:6Þ

The chiral-odd light-cone DA for the transversely polarized
meson vector ρT is defined as

h0jq̄ð0ÞσμνTiqðxÞjρiTðpρ; ερÞi

¼ iðεμρpν
ρ − ενρp

μ
ρÞf⊥ρ

Z
1

0

dz e−izpρ·xϕ⊥ðzÞ; ð3:7Þ

where εμρ is the ρ-meson transverse polarization and
f⊥ρ ¼ 160 MeV.

For the computation, we use the asymptotic form of
the distribution amplitude, ϕas, as well as an alternative
form, which is often called the “holographic” DA, ϕhol.
They are given by

ϕasðzÞ ¼ 6zð1 − zÞ; ð3:8Þ

ϕholðzÞ ¼ 8

π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zð1 − zÞ

p
; ð3:9Þ

where both are normalized to 1. With the above two forms
of the DA, the integration over z can be performed
analytically. For the chiral-even case, including the building
block integrals, the results can be found in Appendix D of
Ref. [14] for the asymptotic DA case, and in Appendix C of
Ref. [1] for the holographic DA case. For the chiral-odd
case, the results can be found in Appendix A.

IV. THE COMPUTATION

A. Gauge-invariant decomposition
of the hard amplitude

In the framework of collinear factorization, we set
Δ⃗t ¼ 0 in the hard amplitude, which implies that
ð−tÞ ¼ ð−tÞmin, where

ð−tÞmin ¼
4ξ2M2

1 − ξ2
: ð4:1Þ

For the sake of completeness, we remind the reader of
the properties of the diagrams contributing to the coef-
ficient function, which significantly simplify the calcula-
tion. The hard part is described at leading order in αs by
20 Feynman diagrams. As discussed in Refs. [1,14], half of
the diagrams are related by C-parity transformations.5

The sets of diagrams (without including charge factors)
are denoted as ð� � �Þ. We denote the A and B diagrams
by the order in which the incoming photon and virtual gluon
join one of the quark lines. The numbers (1 to 5) denote the
five different ways of attaching the outgoing photon to the
quark lines. The remaining set of diagrams, C and D, is
obtained by exchanging the role of the two quarks in the t
channel. In practice, one obtains four separately QED gauge-
invariant sets of diagrams, namely ðABÞ123, ðABÞ45, ðCDÞ12
and ðCDÞ345 [1,14]. Figure 1 shows the first two sets.
Defining the charges Qq through eq ¼ Qqjej, by QED

gauge invariance, one can write any amplitude for photon
meson production as the sum of three separate gauge-
invariant terms, in the form

M¼ðQ2
1þQ2

2ÞMsumþðQ2
1−Q2

2ÞMdiffþ2Q1Q2Mprod;

ð4:2Þ
3Using more recent tables for the PDFs leads to variations that

are smaller than the above-mentioned theoretical uncertainties.
This effect was studied in Ref. [13] (see e.g. Fig. 8).

4The wave functions are jρ0i ¼ 1ffiffi
2

p ðjuūi − jdd̄iÞ, jρþi ¼ jud̄i
and jρ−i ¼ jdūi for the ρ0-, ρþ- and ρ− mesons respectively.

5This corresponds to a C-parity transformation (z ↔ 1 − z and
x ↔ −x) after the electric charges have been factored out, such
that effectively, q and q̄ have a charge of 1.
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whereQ1 is the charge of the quark entering the DA andQ2

is the charge of the quark leaving the DA, in each diagram.

B. Chiral-even case

The parity properties of the qq̄ correlators appearing in
the DA and in the GPDs allow the separation of the
contributions for parity (þ), denoted as S and parity (−),
denoted as P. Only two structures occur in the hard part,
namely SS (no γ5 matrices, vector GPD case) and SP
(one γ5, axial GPD case).6

A careful examination of the C-parity transformation
which relates the two sets of ten diagrams gives the
following results. For the vector contribution, the sum of
diagrams reads

MV
ρ ¼ Q2

1½ðABÞ123�SS ⊗ f þQ1Q2½ðABÞ45�SS ⊗ f

þQ2
2½ðABÞ123�ðCÞSS ⊗ f þQ1Q2½ðABÞ45�ðCÞSS ⊗ f;

ð4:3Þ

while for the axial contribution, one gets

MA
ρ ¼ Q2

1½ðABÞ123�SP ⊗ f̃ þQ1Q2½ðABÞ45�SP ⊗ f̃

−Q2
2½ðABÞ123�ðCÞSP ⊗ f̃ −Q1Q2½ðABÞ45�ðCÞSP ⊗ f̃:

ð4:4Þ

In the above two formulas, f denotes a GPD of the set
H, E appearing in the decomposition of the vector
correlator (3.2), while f̃ denotes a GPD of the set H̃; Ẽ
appearing in the decomposition of the axial correlator (3.3).

The symbol ⊗ represents the integration over x. The
integration over z for the ρ-meson DA is implicit, since
the DA is symmetric over z ↔ 1 − z. The superscript (C)
denotes x → −x and z → ð1 − zÞ.
The above decomposition is convenient since the inte-

gration over z is performed analytically, while the inte-
gration over x is performed numerically. This allows us to
evaluate the amplitude in blocks which can be used for
computing various observables. Equations (4.3) and (4.4)
are obtained by making the identification

½ðCDÞ345�SP ¼ −½ðABÞ123�ðCÞSP ; ð4:5Þ

½ðCDÞ12�SP ¼ −½ðABÞ45�ðCÞSP ; ð4:6Þ

½ðCDÞ345�SS ¼ ½ðABÞ123�ðCÞSS ; ð4:7Þ

½ðCDÞ12�SS ¼ ½ðABÞ45�ðCÞSS : ð4:8Þ

We introduce a few convenient notations. A superscript
s (a) refers to the symmetric (antisymmetric) structures of
the hard amplitude and of the GPD with respect to x, i.e.

fðxÞ ¼ 1

2
ðfðxÞ þ fð−xÞÞ þ 1

2
ðfðxÞ − fð−xÞÞ

¼ fsðxÞ þ faðxÞ: ð4:9Þ

This thus leads to

MV
ρ ¼ ðQ2

1 þQ2
2Þ½ðABÞ123�sSS ⊗ fs

þ ðQ2
1 −Q2

2Þ½ðABÞ123�aSS ⊗ fa

þ 2Q1Q2½ðABÞ45�sSS ⊗ fs; ð4:10Þ

for the vector GPD contribution, and

FIG. 1. Half of the Feynman diagrams contributing to the hard part of the amplitude.

6Note that the SS structure is equivalent to the PP structure that
enters the amplitude for the charged pion [1] since the two γ5

matrices can be combined through anticommutation relations.
They are of course associated with different GPDs in each case.
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MA
ρ ¼ ðQ2

1 þQ2
2Þ½ðABÞ123�aSP ⊗ f̃a

þ ðQ2
1 −Q2

2Þ½ðABÞ123�sSP ⊗ f̃s

þ 2Q1Q2½ðABÞ45�aSP ⊗ f̃a; ð4:11Þ

for the axial GPD contribution, i.e. SP. In the above
formulas, Q1 ¼ Qu and Q2 ¼ Qd correspond to a ρþ,
Q1 ¼ Qd and Q2 ¼ Qu correspond to a ρ−, and Q1 ¼
Q2 ¼ Qu;d corresponds to ρ0.
In the case of ρ0 meson production [13], which is Cð−Þ,

the exchange in the t channel is fixed to be Cð−Þ. In
Eq. (4.10), this implies that only the symmetric part of
the vector GPD contributes, while in Eq. (4.11), only the
antisymmetric part of the axial GPD contributes. On the
other hand, ρþ production (and similarly for ρ−) involves
both C-parity exchanges in the t channel, which explains
why both symmetrical and antisymmetrical parts of the
GPDs are involved in Eqs. (4.10) and (4.11).
The detailed evaluation of one diagram was already

illustrated in Ref. [14], and therefore, we do not repeat
it here.

1. Tensor structure

For convenience, we introduce the common normaliza-
tion coefficients7

Ck ¼ −
4

9
fkραemαsπ2: ð4:12Þ

Note that we include the charge factors Qu and Qd inside
the hard matrix element, using the decompositions obtained
in Eqs. (4.10) and (4.11).
For the SS sector, two tensor structures appear, namely

TA ¼ ðεq⊥ · ε�k⊥Þ;
TB ¼ ðεq⊥ · p⊥Þðp⊥ · ε�k⊥Þ; ð4:13Þ

while for the SP sector, the two following structures
appear:

TA5
¼ ðp⊥ · ε�k⊥Þϵnpεq⊥p⊥ ;

TB5
¼ −ðp⊥ · εq⊥Þϵnpε�k⊥p⊥ : ð4:14Þ

2. Organization of the chiral-even amplitude

The scattering amplitude of the process (1.1), in the
factorized form, is expressed in terms of form factors Hρ,
Eρ, H̃ρ, Ẽρ, analogous to Compton form factors in DVCS,
and reads

Mk
ρ ≡ 1

n · p
ūðp2; λ2Þ

�
=nHρðξ; tÞ þ

iσnαΔα

2m
Eρðξ; tÞ

þ =nγ5H̃ρðξ; tÞ þ
n · Δ
2m

γ5Ẽρðξ; tÞ
�
uðp1; λ1Þ: ð4:15Þ

We isolate the tensor structures of the form factors as

Hρðξ; tÞ ¼ HρAðξ; tÞTA þHρBðξ; tÞTB;

H̃ρðξ; tÞ ¼ H̃ρA5
ðξ; tÞTA5

þ H̃ρB5
ðξ; tÞTB5

: ð4:16Þ
These coefficients can be expressed in terms of the

sum over diagrams of the integral of the product of their
traces, of GPDs and DAs, as defined and given explicitly in
Appendix C of Ref. [1] for the case of the holographic DA,
and Appendix D of Ref. [14] for the asymptotic DA case.
We introduce dimensionless coefficients N and Ñ as
follows:

HρA ¼ 1

s
CkNρA; HρB ¼ 1

s2
CkNρB; ð4:17Þ

and

H̃ρA5
¼ 1

s3
CkÑρA5

; H̃ρB5
¼ 1

s3
CkÑρB5

; ð4:18Þ

In order to emphasize the gauge-invariant structure and to
organize the numerical study, we factorize out the charge
coefficients, and put an explicit index q for the flavor of the
quark GPDs fq and f̃q. In accordance with the decom-
positions (4.10) and (4.11) we thus introduce8

Nq
ρAðQ1; Q2Þ ¼ ðQ2

1 þQ2
2ÞNq

A½ðABÞ123�s þ ðQ2
1 −Q2

2ÞNq
A½ðABÞ123�a þ 2Q1Q2N

q
A½ðABÞ45�s; ð4:19Þ

Nq
ρBðQ1; Q2Þ ¼ ðQ2

1 þQ2
2ÞNq

B½ðABÞ123�s þ ðQ2
1 −Q2

2ÞNq
B½ðABÞ123�a þ 2Q1Q2N

q
B½ðABÞ45�s; ð4:20Þ

and

Ñq
ρA5

ðQ1; Q2Þ ¼ ðQ2
1 þQ2

2ÞÑq
A5
½ðABÞ123�a þ ðQ2

1 −Q2
2ÞÑq

A5
½ðABÞ123�s þ 2Q1Q2Ñ

q
A5
½ðABÞ45�a; ð4:21Þ

Ñq
ρB5

ðQ1; Q2Þ ¼ ðQ2
1 þQ2

2ÞÑq
B5
½ðABÞ123�a þ ðQ2

1 −Q2
2ÞÑq

B5
½ðABÞ123�s þ 2Q1Q2Ñ

q
B5
½ðABÞ45�a: ð4:22Þ

8Effectively, what changes here for the ρ-meson case from the pion case is that the association of the coefficients in Eqs. (4.21) to
(4.20) to the GPDs is swapped, i.e. vector for axial and vice versa. This explains why the tildes are swapped with respect to the pion case.

7Note that the sign has been corrected here with respect to our previous publication [13]. We note however that this does not
affect the cross section, which corresponds to the square of the amplitude and is therefore insensitive to the sign.
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The above four terms, which have a superscript “q,” are not
to be confused with the coefficients that appear in
Eqs. (4.17) and (4.18). Instead, the four terms are used
in Eqs. (4.23)–(4.30) below to construct the coefficients.
For the specific case of our four processes, namely γρ0

production on a proton (denoted by ρ0p), γρ0 production
on a neutron (denoted by ρ0n), γρþ production on a proton
and γρ− production on a neutron, taking into account the
structure (3.1) of the transition GPD structure we thus need
to compute the coefficients

Nρ0pA ¼ 1ffiffiffi
2

p ½Nu
ρAðQu;QuÞ − Nd

ρAðQd;QdÞ�;

Nρ0pB ¼ 1ffiffiffi
2

p ½Nu
ρBðQu;QuÞ − Nd

ρBðQd;QdÞ�; ð4:23Þ

Nρ0nA ¼ 1ffiffiffi
2

p ½Nu
ρAðQd;QdÞ − Nd

ρAðQu;QuÞ�;

Nρ0nB ¼ 1ffiffiffi
2

p ½Nu
ρBðQd;QdÞ − Nd

ρBðQu;QuÞ�; ð4:24Þ

NρþA ¼ Nu
ρAðQu;QdÞ − Nd

ρAðQu;QdÞ;
NρþB ¼ Nu

ρBðQu;QdÞ − Nd
ρBðQu;QdÞ; ð4:25Þ

Nρ−A ¼ Nu
ρAðQd;QuÞ − Nd

ρAðQd;QuÞ;
Nρ−B ¼ Nu

ρBðQd;QuÞ − Nd
ρBðQd;QuÞ; ð4:26Þ

corresponding to the case with vector GPDs, as well as

Ñρ0pA5
¼ 1ffiffiffi

2
p ½Ñu

ρA5
ðQu;QuÞ − Ñd

ρA5
ðQd;QdÞ�;

Ñρ0pB5
¼ 1ffiffiffi

2
p ½Ñu

ρB5
ðQu;QuÞ − Ñd

ρB5
ðQd;QdÞ�; ð4:27Þ

Ñρ0nA5
¼ 1ffiffiffi

2
p ½Ñu

ρA5
ðQd;QdÞ − Ñd

ρA5
ðQu;QuÞ�;

Ñρ0nB5
¼ 1ffiffiffi

2
p ½Ñu

ρB5
ðQd;QdÞ − Ñd

ρB5
ðQu;QuÞ�; ð4:28Þ

ÑρþA5
¼ Ñu

ρA5
ðQu;QdÞ − Ñd

ρA5
ðQu;QdÞ;

ÑρþB5
¼ Ñu

ρB5
ðQu;QdÞ − Ñd

ρB5
ðQu;QdÞ; ð4:29Þ

Ñρ−A5
¼ Ñu

ρA5
ðQd;QuÞ − Ñd

ρA5
ðQd;QuÞ;

Ñρ−B5
¼ Ñu

ρB5
ðQd;QuÞ − Ñd

ρB5
ðQd;QuÞ; ð4:30Þ

which correspond to the case of axial GPDs. Therefore,
for each flavor u and d, by knowing the 12 numerical
coefficients

Ñq
A5
½ðABÞ123�s; Ñq

A5
½ðABÞ123�a; Ñq

A5
½ðABÞ45�a;

Ñq
B5
½ðABÞ123�s; Ñq

B5
½ðABÞ123�a; Ñq

B5
½ðABÞ45�a;

Nq
A½ðABÞ123�s; Nq

A½ðABÞ123�a; Nq
A½ðABÞ45�s;

Nq
B½ðABÞ123�s; Nq

B½ðABÞ123�a; Nq
B½ðABÞ45�s; ð4:31Þ

for two given GPDs f and f̃ (in practice H and H̃; see next
subsection), one can reconstruct the scattering amplitudes
of the two processes. These 12 coefficients can be
expanded in terms of five building block integrals which
we label as Ib, Ic, Ih, Ii and Ie for the asymptotic DA case,
and two extra building blocks labeled as χb, χc for the case
of the holographic DA. The building block integrals can be
found in Appendix C of Ref. [1], and in Appendix D
of Ref. [14].

3. Cross section

In the forward limitΔ⊥ ¼ 0 ¼ P⊥, one can show that the

square of the Mk
ρ from Eq. (4.15) reads, after summing

over nucleon helicities

Mk
ρM

k�
ρ ≡X

λ2;λ1

Mk
ρðλ1; λ2ÞMk�

ρ ðλ1; λ2Þ

¼ 8ð1 − ξ2ÞðHρðξ; tÞH�
ρðξ; tÞ þ H̃ρðξ; tÞH̃�

ρðξ; tÞÞ þ 8
ξ4

1 − ξ2
ðEρðξ; tÞE�

ρðξ; tÞ þ Ẽρðξ; tÞẼ�
ρðξ; tÞÞ

− 8ξ2ðHρðξ; tÞE�
ρðξ; tÞ þH�

ρðξ; tÞEρðξ; tÞ þ H̃ρðξ; tÞẼ�
ρðξ; tÞ þ H̃�

ρðξ; tÞẼρðξ; tÞÞ: ð4:32Þ

For moderately small values of ξ, this becomes

Mk
ρM

k�
ρ ≃ 8ðHρðξ; tÞH�

ρðξ; tÞ þ H̃ρðξ; tÞH̃�
ρðξ; tÞÞ: ð4:33Þ

Hence we will restrict ourselves to the GPDs H, H̃ to perform our estimates of the cross section.9 We note that this
approximation remains valid for the linear polarization asymmetry with respect to the incoming photon, as the above
equation still contains the helicities of the incoming and outgoing photons.

9In practice, we keep the first term on the rhs of Eq. (4.32), i.e. including the ð1 − ξ2Þ prefactor.
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We now perform the sum/averaging over the polar-
izations of the incoming and outgoing photons,

jHρðξ; tÞj2≡
X
λk;λq

Hρðξ; t;λk;λqÞHρðξ; t;λk;λqÞ

¼ 2jHρAðξ; tÞj2þp4⊥jHρBðξ; tÞj2
þp2⊥½HρAðξ; tÞH�

ρBðξ; tÞþH�
ρAðξ; tÞHρBðξ; tÞ�;

ð4:34Þ

jH̃ρðξ; tÞj2 ≡
X
λk;λq

H̃ρðξ; t; λk; λqÞH̃�
ρðξ; t; λk; λqÞ

¼ s2p4⊥
4

ðjH̃ρA5
ðξ; tÞj2 þ jH̃ρB5

ðξ; tÞj2Þ: ð4:35Þ

Finally, we define the averaged amplitude squared jMk
ρj2,

which includes the factor 1=4 coming from the averaging
over the polarizations of the initial particles. Collecting all
prefactors, which read

1

s2
8ð1 − ξ2ÞjCkj2 1

22
; ð4:36Þ

we have that

jMk
ρj2¼ 2

s2
ð1−ξ2ÞjCkj2

	
2jNρAj2þ

p4⊥
s2

jNρBj2

þp2⊥
s
ðNρAN�

ρBþc:c:Þþp4⊥
4s2

jÑρA5
j2þp4⊥

4s2
jÑρB5

j2


:

ð4:37Þ
Here ρ corresponds to ρ0p, ρ0n, ρþp or ρ−n , where the subscript
denotes the target. The corresponding coefficients NρA,
NρB, ÑρA5

, ÑρB5
are given by Eqs. (4.23)–(4.30).

The differential cross section as a function of t,M2
γρ, −u0

then reads

dσk

dtdu0dM2
γρ

����
−t¼ð−tÞmin

¼ jMk
ρj2

32S2γNM
2
γρð2πÞ3

: ð4:38Þ

C. Chiral-odd case

As before, one can group diagrams based on their charges.
Using the same notations as in Sec. IVB, exploiting the
C-parity symmetry of the process, one obtains

M⊥
ρ ¼ Q2

1½ðABÞ123�TT ⊗ fT þQ1Q2½ðABÞ45�TT ⊗ fT

þQ2
2½ðABÞ123�ðCÞTT ⊗ fT þQ1Q2½ðABÞ45�ðCÞTT ⊗ fT;

ð4:39Þ

where

½ðCDÞ345�TT ¼ ½ðABÞ123�ðCÞTT ; ð4:40Þ

½ðCDÞ12�TT ¼ ½ðABÞ45�ðCÞTT ; ð4:41Þ
have been used. In the above, fT represents a generic
“tensor” chiral-odd GPD (in practice, HT). Only eight
diagrams out of the 20 diagrams are nonvanishing in the
chiral-odd case. They are A3, B1, A4 and B5, and the
corresponding ones given by the symmetry transformation in
Eqs. (4.40) and (4.41). Writing the GPDs in terms of
symmetric and antisymmetric parts, we have

M⊥
ρ ¼ ðQ2

1 þQ2
2Þ½ðABÞ123�sTT ⊗ fsT

þ ðQ2
1 −Q2

2Þ½ðABÞ123�aTT ⊗ faT

þ 2Q1Q2½ðABÞ45�sTT ⊗ fsT: ð4:42Þ

The detailed evaluation of one diagram was performed in
Ref. [13], and we do not repeat this here.

1. Tensor structure

It is convenient to introduce the common normalization
factor10

C⊥ ¼ 4

9
f⊥ρ αemαsπ2: ð4:43Þ

Note that we include the charge factors Qu and Qd inside
the hard matrix element, using the decomposition obtained
in Eq. (4.42).
In this case, two tensor structures appear, namely

Ti
A⊥ ¼−8s

ᾱ
fαεi�k⊥½ðp⊥ · εq⊥Þðp⊥ · ε�ρ⊥Þþαᾱξsðεq⊥ · ε�ρ⊥Þ�− ᾱεi�ρ⊥½αðα− 2Þξsðεq⊥ · ε�k⊥Þ− ðp⊥ · εq⊥Þðp⊥ · ε�k⊥Þ�

þpi⊥½ðp⊥ · ε�ρ⊥Þðεq⊥ · ε�k⊥Þ− ᾱðε�k⊥ · ε�ρ⊥Þðp⊥ · εq⊥Þ�þ εiq⊥½−ðp⊥ · ε�ρ⊥Þðp⊥ · ε�k⊥Þþαᾱðα− 2Þξsðε�k⊥ · ε�ρ⊥Þ�g; ð4:44Þ

Ti
B⊥ ¼ 8s

αᾱ
fᾱεi�ρ⊥½ðp⊥ · εq⊥Þðp⊥ · ε�k⊥Þ−αð2α−1Þξsðεq⊥ · ε�k⊥Þ�þαεi�k⊥½ᾱð2α− 1Þξsðεq⊥ · ε�ρ⊥Þþ ðp⊥ · εq⊥Þðp⊥ · ε�ρ⊥Þ�

þ εiq⊥½−ðp⊥ · ε�ρ⊥Þðp⊥ · ε�k⊥Þ−αᾱξsðε�k⊥ · ε�ρ⊥Þ�þpi⊥½−αðp⊥ · ε�ρ⊥Þðεq⊥ · ε�k⊥Þ− ᾱðεq⊥ · ε�ρ⊥Þðp⊥ · ε�k⊥Þ�g: ð4:45Þ

10Note that the sign has been corrected here with respect to our previous publication [13]. We note however that this does not affect the
cross section, which corresponds to the square of the amplitude and is therefore insensitive to the sign.
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When summing over the polarizations ερ⊥ of the ρ meson
in order to compute the square of the amplitude, onlyX

T

εμρ⊥εν�ρ⊥ ¼ −gμν⊥ ; ð4:46Þ

is needed, since we have chosen the basis as defined in
Sec. II.

2. Organization of the chiral-odd amplitude

Following the same steps as the chiral-even case, we can
write the chiral-odd amplitude in terms of form factors
Hj

Tρ; H̃
j
Tρ, E

j
Tρ; Ẽ

j
Tρ, analogous to Compton form factors in

Deeply Virtual Compton Scattering (DVCS),

M⊥
ρ ≡ 1

n · p
ūðp2; λ2Þ

�
iσnjHTρjðξ; tÞ þ

P · nΔj − Δ · nPj

m2
H̃Tρjðξ; tÞ

þ γ · nΔj − Δ · nγj

2m
ETρjðξ; tÞ þ

γ · nPj − P · nγj

m
ẼTρjðξ; tÞ

�
uðp1; λ1Þ; ð4:47Þ

where j corresponds to a transverse vector index. From
the form factors, one can isolate the following tensor
structures:

Hj
Tðξ; tÞ ¼ HTρAðξ; tÞTj

A⊥ þHTρBðξ; tÞTj
B⊥: ð4:48Þ

We further express the above coefficients in terms of
dimensionless ones through

HTρA ¼ 1

s3
C⊥NTρA; ð4:49Þ

HTρB ¼ 1

s3
C⊥NTρB: ð4:50Þ

Proceeding as in Sec. IV B 2, the electric charges are
factorized, and we introduce an explicit index q to denote
the flavor of the quark GPDs fqT and f̃qT . Thus, using the
decomposition in Eq. (4.42), we have that

Nq
TρAðQ1; Q2Þ ¼ ðQ2

1 þQ2
2ÞNq

TA½ðABÞ123�s
þ ðQ2

1 −Q2
2ÞNq

TA½ðABÞ123�a
þ 2Q1Q2N

q
TA½ðABÞ45�s; ð4:51Þ

Nq
TρBðQ1; Q2Þ ¼ ðQ2

1 þQ2
2ÞNq

TB½ðABÞ123�s
þ ðQ2

1 −Q2
2ÞNq

TB½ðABÞ123�a
þ 2Q1Q2N

q
TB½ðABÞ45�s: ð4:52Þ

Just like in the chiral-even case, the above two terms,
which have a superscript “q,” are not to be confused with
the coefficients that appear in Eq. (4.49). Instead, the two
terms are used in Eqs. (4.53)–(4.56) below to construct the
coefficients.
For the specific case of our four processes, namely γρ0

production on a proton (denoted by ρ0p), γρ0 production
on a neutron (denoted by ρ0n), γρþ production on a proton
and γρ− production on a neutron, taking into account the
structure (3.1) of the transition GPD structure, we find that
the following coefficients need to be computed:

NTρ0pA ¼ 1ffiffiffi
2

p ½Nu
TρAðQu;QuÞ − Nd

TρAðQd;QdÞ�;

NTρ0pB ¼ 1ffiffiffi
2

p ½Nu
TρBðQu;QuÞ − Nd

TρBðQd;QdÞ�; ð4:53Þ

NTρ0nA ¼ 1ffiffiffi
2

p ½Nu
TρAðQd;QdÞ − Nd

TρAðQu;QuÞ�;

NTρ0nB ¼ 1ffiffiffi
2

p ½Nu
TρBðQd;QdÞ − Nd

TρBðQu;QuÞ�; ð4:54Þ

NTρþA ¼ Nu
TρAðQu;QdÞ − Nd

TρAðQu;QdÞ;
NTρþB ¼ Nu

TρBðQu;QdÞ − Nd
TρBðQu;QdÞ; ð4:55Þ

NTρ−A ¼ Nu
TρAðQd;QuÞ − Nd

TρAðQd;QuÞ;
NTρ−B ¼ Nu

TρBðQd;QuÞ − Nd
TρBðQd;QuÞ: ð4:56Þ

In practice, we deduce that the following six numerical
coefficients need to be computed, for each flavor u and d,

Nq
TA½ðABÞ123�s; Nq

TA½ðABÞ123�a; Nq
TA½ðABÞ45�s;

Nq
TB½ðABÞ123�s; Nq

TB½ðABÞ123�a; Nq
TB½ðABÞ45�s; ð4:57Þ

for a given chiral-odd GPD fT (in practice, HT). This is
sufficient to reconstruct the amplitude for all four processes
we are interested in. The six coefficients can be expressed
in terms of three building block integrals, which we label
as Ie, Ii and Id for the asymptotic DA case, and one extra
building block integral labeled χa for the case of the
holographic DA. The expressions for the coefficients in
Eq. (4.57) in terms of the building block integrals are given
in Appendix A.

3. Cross section

In the forward limitΔ⊥ ¼ 0 ¼ P⊥, one can show that the
square of M⊥ in Eq. (4.47) reads, after summing over
nucleon helicities,
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M⊥
ρ M⊥�

ρ ≡X
λ1;λ2

M⊥
ρ ðλ1; λ2ÞM⊥�

ρ ðλ1; λ2Þ

¼ 8
h
−ð1 − ξ2ÞHi

Tρðξ; tÞHj�
Tρðξ; tÞ −

ξ2

1 − ξ2
½ξEi

Tρðξ; tÞ − Ẽi
Tρðξ; tÞ�½ξEj�

Tρðξ; tÞ − Ẽj�
Tρðξ; tÞ�

þ ξfHi
Tρðξ; tÞ½ξEj

Tρðξ; tÞ − Ẽj
Tρðξ; tÞ�� þHi�

Tρðξ; tÞ½ξEj
Tρðξ; tÞ − Ẽj

Tρðξ; tÞ�g
i
g⊥ij: ð4:58Þ

For moderately small values of ξ, it reduces to

M⊥
ρ M⊥�

ρ ¼ −8Hi
Tρðξ; tÞHj�

Tρðξ; tÞg⊥ij: ð4:59Þ

Hence, we will restrict ourselves to HTρ to perform our
estimates of the cross section.11 Performing the sum over
the transverse polarizations of the ρ meson, and the
incoming and outgoing photons, one obtains

− g⊥ij

X
λkλqλρ

Hi
Tρðξ; t; λk; λq; λρÞHj�

Tρðξ; t; λk; λq; λρÞ

¼ 512ξ2s4ðα4jHTρAðξ; tÞj2 þ jHTρBðξ; tÞj2Þ: ð4:60Þ

We can now compute the averaged amplitude squared
jM⊥

ρ j2, which includes a factor of 1=4 coming from the
averaging of the polarizations of the incoming particles.
Collecting all prefactors,

512ξ2s4 ×
1

s6
jC⊥j2 × 1

4
× 8ð1 − ξ2Þ; ð4:61Þ

we have that

jM⊥
ρ j2 ¼

1024

s2
ξ2ð1 − ξ2ÞjC⊥j2½α4jNTρAðξ; tÞj2

þ jNTρBðξ; tÞj2�: ð4:62Þ

Here ρ corresponds to ρ0p, ρ0n, ρþp or ρ−n , where the subscript
denotes the target. The corresponding coefficients NTρA

and NTρB are given by Eqs. (4.53)–(4.56).
As for the longitudinally polarized ρ-meson case, the

differential cross section as a function of (−t), M2
γρ, ð−u0Þ

then reads

dσ⊥
dð−tÞdð−u0ÞdM2

γρ

����
−t¼ð−tÞmin

¼ jM⊥
ρ j2

32S2γNM
2
γρð2πÞ3

: ð4:63Þ

D. Polarization asymmetry

1. Chiral-even case

In the chiral-even case, as discussed in Appendix C, the
circular polarization asymmetry vanishes as a result of
conservation of parity P for an unpolarized target, which is
the case we consider here.12 Therefore, we compute the
linear polarization asymmetry (LPA) with respect to the
incoming photon, which is defined by

LPA ¼
R
dσx −

R
dσyR

dσx þ
R
dσy

; ð4:64Þ

where dσxðyÞ corresponds to the differential cross section
with the incoming photon linearly polarized along the xðyÞ
direction. The integral symbol in Eq. (4.64) corresponds
to phase space integration and hence, the LPA can be
calculated at the fully differential (by dropping the integral
altogether), single differential or integrated level.
The LPA is usually calculated in the lab frame, which

corresponds to fixing the directions of the polarization
vectors. However, for convenience in performing the
computation, we first take the polarization vector in the
x direction to be along p⊥, which changes on an event-by-
event basis. Then, the polarization vector in the y direction
is chosen such that the x, y, z directions form a right-handed
basis. Thus,

εμxðqÞ≡ pμ
⊥

jp⃗tj
; ð4:65Þ

εμyðqÞ≡ −
2

sjp⃗tj
ϵpnp⊥μ: ð4:66Þ

The LPA corresponding to this choice of polarization
vectors is denoted by LPAmax, since the directions of the
polarization vectors are such that the LPA is maximized.
The LPA in the lab frame, LPALab, can then be related
to LPAmax via a simple modulation of cos 2θ, where θ
corresponds to the angle between p⊥ and the x direction
defined by the lab frame. Thus,

LPALab ¼ LPAmax cos 2θ: ð4:67Þ

11In practice, we keep the first term on the rhs of Eq. (4.58).

12The circular double spin asymmetry does not vanish and may
be an interesting observable for a polarized target experiment.
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The proof of this result, including the derivation of relevant
expressions for the LPA, can be found in Appendix F in
Ref. [1]. When showing the results in Sec. V, we therefore
choose to show plots for LPAmax, as the modification due to
cos 2θ is trivial.
We now turn to the calculation of LPAmax. Amplitudes

corresponding to specific linear polarization states in
Eqs. (4.65) and (4.66) can be defined as

Mx ¼ εμxðqÞMμ; My ¼ εμyðqÞMμ: ð4:68Þ

For convenience, let us decompose the amplitude as
[cf. Eqs. (4.13) to (4.16)]

M ¼ CATA þ CBTB þ CA5
TA5

þ CB5
TB5

; ð4:69Þ

i.e. in terms of the tensor structures TA; TB; TA5
; TB5

defined in Eqs. (4.13) and (4.14). We note that the
coefficients of the tensor structures include the spinors
of the nucleons, as well as Dirac matrices associated
with the definition of the GPDs. More explicitly, using
Eqs. (4.15) and (4.16),

CA ≡ 1

n · p
ūðp2; λ2Þ=nuðp1; λ1ÞHρAðξ; tÞ; ð4:70Þ

CB ≡ 1

n · p
ūðp2; λ2Þ=nuðp1; λ1ÞHρBðξ; tÞ; ð4:71Þ

CA5
≡ 1

n · p
ūðp2; λ2Þ=nγ5uðp1; λ1ÞH̃ρA5

ðξ; tÞ; ð4:72Þ

CB5
≡ 1

n · p
ūðp2; λ2Þ=nγ5uðp1; λ1ÞH̃ρB5

ðξ; tÞ: ð4:73Þ

By squaring the amplitude, and summing over the polari-
zation λk of the outgoing photon, we obtain

X
λk

jMxj2 ¼ jCAj2 þ jp⃗tj4jCBj2 þ
s2

4
jp⃗tj4jCB5

j2

− 2jp⃗tj2ReðC�
ACBÞ; ð4:74Þ

X
λk

jMyj2 ¼ jCAj2 þ
s2

4
jp⃗tj4jCA5

j2: ð4:75Þ

From the above polarized amplitude squared, one can
compute the LPAmax at various levels (from fully differ-
ential to integrated).

2. Chiral-odd case

For the case of the transversely polarized ρ meson, we
find, through a direct computation, that both the circular and
linear polarization asymmetries always vanish in the limit of

Δ⊥ ¼ 0. This is the consequence of the fact that, after
squaring the amplitude and summing/averaging over all
polarizations except εq, one obtains, after setting Δ⊥ ¼ 0,

X
λ1 ;λ2 ;
λk;λρ

M⊥
ρ M⊥�

ρ ¼ −
512

s2
ξ2ð1 − ξ2ÞjC⊥j2½α4jNTρAðξ; tÞj2

þ jNTρBðξ; tÞj2�ðε�q · εqÞ: ð4:76Þ

First, we note that upon summing over the transverse
polarizations of the incoming photon, one recovers the
averaged amplitude squared in Eq. (4.62). Second, the term
ðε�q · εqÞ is trivially −1, and thus can never give rise to any
polarization asymmetry.
Comparing with the chiral-even case in Sec. IV D 1,

we find that repeating the same steps leads to two types
of terms, namely the same one that appears in Eq. (4.76)
ðε�q · εqÞ, and also ðε�q · p⊥Þðεq · p⊥Þ. It is terms of the
latter type that lead to linear polarization asymmetries.
For instance, in Eqs. (4.74) and (4.75), we note
that jCAj2 comes from terms of the first type [from
the square of the tensor TA after summing over the
polarization of the outgoing photon; see Eq. (4.14)],
and it is easy to see that jCAj2 indeed cancels in the
computation of the LPA.
Before ending this section, we stress that the result in

Eq. (4.76) is obtained by working in the limit of Δ⊥ ¼ 0. In
general, for nonzeroΔ⊥, the analogue of Eq. (4.76) contains
all possible contractions involving εq, namely ðε�q · εqÞ,
ðε�q · p⊥Þðεq · p⊥Þ, ðε�q · Δ⊥Þðεq · p⊥Þ, ðε�q · p⊥Þðεq · Δ⊥Þ
and ðε�q · Δ⊥Þðεq · Δ⊥Þ, which gives rise to polarization
asymmetries. On the other hand, the result depends on
transversity GPDs other than HT , whose contributions are
beyond the scope of this work. We therefore postpone the
analysis of polarization asymmetries for nonzero Δ⊥ for a
future publication.

V. RESULTS

A. Conventions for plots

For consistency, we use the same conventions for the
plots as in our previous study [1]. We typically include four
cases, considering two models for the DA (asymptotic or
holographic), and two GPD models (valence or standard
scenario). The conventions used throughout this section are
as follows:
(1) Solid line: asymptotic DA, valence scenario
(2) Dashed line: holographic DA, valence scenario
(3) Dotted line: asymptotic DA, standard scenario
(4) Dot-dashed line: holographic DA, standard scenario

Dashed lines imply the use of the holographic DA, while
dotted lines imply the use of the standard scenario for
the GPD.
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We present results for JLab kinematics in Sec. V C,
COMPASS kinematics in Sec. V D and EIC as well as LHC
UPC kinematics in Sec. V E. In each subsection, we present
results for fully differential cross sections first, then single-
differential cross sections [i.e. integrated over (−t) and
ð−u0Þ], followed by integrated cross sections as a function
of SγN , and finally the linear polarization asymmetries
with respect to the incoming photon. Each figure has four
plots, with:
(1) top left corresponding to γρ0 photoproduction on

proton target (denoted by ρ0p),
(2) top right to γρ0 photoproduction on neutron target

(denoted by ρ0n),
(3) bottom left to γρþ photoproduction on a proton

target (denoted by ρþp ), and
(4) bottom right to γρ− photoproduction on a neutron

target (denoted by ρ−n ).
Finally, the figures are presented in such an order that the
chiral-even case (longitudinally polarized ρ meson) always
appears before the chiral-odd case (transversely polarized ρ
meson). We note that since the polarization asymmetry is
always vanishing for the chiral-odd case, only plots for the
linear polarization asymmetry corresponding to the chiral-
even case are shown. Furthermore, these correspond to
LPAmax; see Sec. IV D 1.

B. Description of the numerics

The GPDs are computed as tables in x, for different ξ.
For the amplitudes, we compute tables at different ð−u0Þ
and M2

γρ, at a particular value of SγN . To compute the fully
differential cross section (and hence amplitudes), (−t) is
fixed to its minimum value ð−tÞmin; see Eq. (4.38). The t
dependence of the cross section is then modeled by a
simplistic ansatz, namely a factorized dipole form

FHðtÞ ¼
ðtmin − CÞ2
ðt − CÞ2 ; ð5:1Þ

with C ¼ 0.71 GeV2.
We compute the cross section covering the full phase

space in the region 20 GeV2 < SγN < 20 000 GeV2, since
this covers the full kinematical range of JLab, COMPASS,
EIC, and most of the relevant kinematical range for UPCs
at the LHC; see Sec. V F 4. We compute seven sets of
amplitude tables in total:
(1) SγN ¼ 20 GeV2, 2.1 ≤ M2

γρ ≤ 10 GeV2 with a uni-
form step of 0.1 GeV2

(2) SγN ¼ 200 GeV2, 2.1 ≤ M2
γρ ≤ 51.4 GeV2 with a

uniform step of 0.2 GeV2

(3) SγN ¼ 200 GeV2, 2.1 ≤ M2
γρ ≤ 110.5 GeV2 with a

uniform step of 1.1 GeV2

(4) SγN ¼ 2000 GeV2, 2.1 ≤ M2
γρ ≤ 51.4 GeV2 with a

uniform step of 0.2 GeV2

(5) SγN ¼ 2000 GeV2, 2.1 ≤ M2
γρ ≤ 1041.1 GeV2 with

a uniform step of 10.5 GeV2

(6) SγN ¼ 20000 GeV2, 2.1 ≤ M2
γρ ≤ 51.4 GeV2 with a

uniform step of 0.2 GeV2

(7) SγN ¼ 20000 GeV2, 2.1 ≤ M2
γρ ≤ 10396.6 GeV2

with a uniform step of 105 GeV2

The first, third, fifth and seventh sets cover the full range of
the phase space, while the second, fourth and sixth sets are
needed to resolve the peak in M2

γρ (importance sampling),
like for the charged pion case [1]. This is particularly
important for the chiral-even case, i.e. for the longitudinally
polarized ρ meson.
For each amplitude table, the whole range of ð−u0Þ is

covered. More details regarding the boundaries of the
kinematic variables can be found in Appendix E of
Ref. [1], and in Appendix E of Ref. [14]. At each value
of SγN ¼ 200; 2000; 20 000 GeV2, two separate data sets
were needed: one to cover the whole range of the phase
space, and the other to ensure that peaks in the distribution
of M2

γρ were well resolved in the chiral-even case. This is
not needed for the SγN ¼ 20 GeV2 case, as the peak is
moderate in that case. We refer to Sec. V. 2. 1 in Ref. [1] for
details regarding the importance sampling procedure.
In practice, we compute amplitude tables in ð−u0Þ for

each of value of M2
γρ. The steps we take are as follows:

(1) We calculate, for each of the above types of GPDs
(in the present paper H, H̃ and HT), sets of u and d
quarks GPDs indexed by M2

γρ, i.e. ultimately by ξ
given by

ξ ¼ M2
γρ

2ðSγN −M2Þ −M2
γρ
: ð5:2Þ

The GPDs are computed as tables of 1000 values for
x ranging from −1 to 1, unless importance sampling
is needed, in which case 1000 more values around
the peak are added; see Sec. V. 2. 1 in Ref. [1].

(2) We compute the building block integrals which do
not depend on −u0. In the asymptotic DA case, this
corresponds to Ie (see Appendix D in Ref. [14] for
the notation), while in the holographic DA case, this
corresponds to both Ie and χc; see Appendix C
of Ref. [1].

(3) We choose 100 values of ð−u0Þ, linearly varying
from ð−u0Þmin ¼ 1 GeV2 up to its maximum pos-
sible value ð−u0ÞmaxMax (see Appendix E in Ref. [14]
for how this is computed). Again, if importance
sampling is needed (when the cross section varies
rapidly at the boundaries), an extra set of 100 values
of ð−u0Þ is added at each boundary.

(4) At each value of ð−u0Þ, we compute, for each GPD
and each flavor u and d, the remaining building
block integrals, which are Ib, Ic, Id, Ih, Ii in the
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asymptotic DA case, and χa and χb in the holo-
graphic DA case.13

(5) This gives, for each of these couples of values of
(M2

γρ;−u0) and each flavor, a set of 12 coefficients
listed in Eq. (4.31) for the CE case, and Eq. (4.57)
for the CO case.

(6) One can then get the desired cross sections using
Eqs. (4.38) (CE case) and (4.63) (CO case).

To optimize the computation, we use a mapping pro-
cedure, described in Sec. 5.2 of Ref. [1], which allows us to
obtain amplitude tables corresponding to lower values of
SγN from a single table (which can correspond to any one
of the seven sets of amplitude tables mentioned above).
This allows for a significant decrease in computing time,
from the order of months to only a few days.

C. JLab kinematics

The electron beam at JLab hits a fixed target consisting
of protons and neutrons, at an energy of 12 GeV.
The electron-nucleon center-of-mass energy, SeN , is thus
roughly 23 GeV2. Therefore, for most of the plots in this
section, we use SγN ¼ 20 GeV2 as a representative value
for JLab kinematics. This allows us to probe GPDs for the
range of skewnesses of 0.04 ≤ ξ ≤ 0.33.
At this point, we would like to point out that a

programming mistake, related to the sign of the interference
term in the squared amplitude, cf. Eq. (4.37), was made in
the previous publication [13]. Thus, the plots correspond-
ing to the ρ0-meson case are slightly different.

1. Fully differential cross section

The effect of different values ofM2
γρ on the cross section

is shown in Fig. 2 for the longitudinally polarized ρ-meson
case. The values chosen for M2

γρ are 3, 4 and 5 GeV2.
AsM2

γρ grows, the range of allowed ð−u0Þ values increases.

FIG. 2. The fully differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively for different values of M2

γρ. The black, red and blue curves correspond to
M2

γρ ¼ 3, 4, 5 GeV2 respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the dotted
(nondotted) lines correspond to the standard (valence) scenario. SγN is fixed at 20 GeV2.

13We note that the chiral-odd case requires the computation of
the extra building blocks Id and χa, which are not needed in the
chiral-even case.
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On the other hand, the value of the cross section itself
decreases. When integrating over ð−u0Þ, these two com-
peting effects will become clearer later when we show the
single differential plots in Sec. V C 2 as a function of M2

γρ,
leading to a peak in the distribution at low values of M2

γρ.
In general, the GPD model corresponding to the standard
scenario leads to a larger value for the cross section.
The maximum value of ð−u0Þ allowed by the kinematics,
attained when −t ¼ ð−tÞmax, is given by (see Appendix E
of Ref. [14])

ð−u0ÞmaxMax ¼ ð−tÞmax −m2
ρ þM2

γρ − ð−t0Þmin: ð5:3Þ

In the case of the ρ meson, this has the effect of cutting the
upper end of the ð−u0Þ range at a smaller value, compared
to the pion case; see Fig. 3 of Ref. [14]. In general, using a
holographic DA gives a higher cross section than using an
asymptotic DA. We observe that the model used for the

GPD (valence vs standard) has a small effect for the
photoproduction of γρþp and γρ0p, compared to γρ−n and
γρ0n. Finally, we note that the case of γρ0 photoproduction
on a proton target has the largest cross section, followed by
the two charged ρ-meson cases, and lastly the γρ0 photo-
production on a neutron target.
The corresponding figure for the differential cross

section as a function of ð−u0Þ for the chiral-odd case is
shown in Fig. 3. In this case, the cross section increases
with ð−u0Þ, as opposed to the chiral-even case. Although
the chiral-odd cross section seems smaller than the chiral-
even one at first sight, the maximum value over the range of
ð−u0Þ plays a key role when one performs the phase space
integration over ð−u0Þ and (−t) (as can be understood from
the phase space figures in Appendix D of Ref. [13]). This
explains why the single differential cross sections as a
function of M2

γρ are not heavily suppressed for the chiral-
odd case when compared with the chiral-even one; see

FIG. 3. The fully differential cross section for transversely polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively for different values of M2

γρ. The black, red and blue curves correspond to
M2

γρ ¼ 3, 4, 5 GeV2 respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the dotted
(nondotted) lines correspond to the standard (valence) scenario. SγN is fixed at 20 GeV2.
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Figs. 7 and 8. We observe that the case of photoproduction
of γρ0n has the strongest dependence on the GPD
model used. This can be traced back to the larger sensitivity
of the d-quark transversity GPD vs the u-quark one, as
can be seen from Fig. 4 in Ref. [13]. As with the chiral-even
case, using a holographic DA gives the larger cross
section.
An interesting observation is that the plots for γρþp and

γρ−n are very similar. In fact, a closer look indicates that
the difference between them becomes negligible when
ð−u0Þ becomes larger. This effect can be traced back
to Eqs. (4.51), (4.52), (4.55) and (4.56). One then finds
that the only difference between the amplitudes of ρþp and
ρ−n comes from the terms ðQ2

1 −Q2
2ÞNq

TA½ðABÞ123�a and
ðQ2

1 −Q2
2ÞNq

TB½ðABÞ123�a, since they are antisymmetric
with respect to the exchange of Q1 and Q2. Furthermore,

from Eq. (A23), one finds that Nq
TA½ðABÞ123�a ¼ 0.

In the cross section (4.62), one also observes that
the coefficient jNTρAj2 has a factor of α4 in front
compared to the jNTρBj2, which includes the contribution
Nq

TB½ðABÞ123�a that causes the difference between γρþp
and γρ−n . Since α ∝ ð−u0Þ [see Eq. (2.17)], this explains
why the difference between ρþp and ρ−n becomes negli-
gible as ð−u0Þ increases.
The relative contributions of the vector and axial GPDs

to the cross section for the longitudinally polarized ρmeson
are shown in Fig. 4. The kinematical variables chosen for
the plots are SγN ¼ 20 GeV2 and M2

γρ ¼ 4 GeV2. The first
point to note is that the vector contribution does not depend
on the valence or standard scenarios, since they only enter
the modeling of the axial GPDs. Hence, only two blue
curves appear in each plot in the figure, corresponding to

FIG. 4. The fully differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively. The blue and green curves correspond to contributions from the vector and
axial GPDs respectively. The black curves correspond to the total contribution, i.e. vector and axial GPD contributions combined. As
before, the dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the dotted (nondotted) lines correspond to
the standard (valence) scenario. We fix SγN ¼ 20 GeV2 and M2

γρ ¼ 4 GeV2. Note that the vector contributions consist of only two
curves in each case, since they are insensitive to either valence or standard scenarios.
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the DA model. Moreover, we note that the total contribu-
tion (black curve) corresponds simply to the sum of the
vector (blue) and axial (green) contributions, since there is
no interference between them; see Eq. (4.32). We thus find
that the largest contribution to the cross section for the
neutral meson case comes from the vector GPDs H,
while the contribution from the axial GPDs become more
important for the charged ρ-meson cases. This effect was
also observed in the case of charged pions (see Fig. 4 in
Ref. [1] and Fig. 4 in Ref. [14]).
To conclude this subsection, the relative contributions of

the u- and d-quark GPDs to the cross section are shown in
Fig. 5 for the longitudinally polarized ρ-meson case and
Fig. 6 for the transversely polarized ρ-meson case. To
generate the plots, SγN ¼ 20 GeV2 and M2

γρ ¼ 4 GeV2

were used. Here, unlike in Fig. 4, there are important
interference terms between the u-quark and d-quark con-
tributions, and therefore, the total contribution (black) is

not simply a sum of the individual quark GPD contribu-
tions. An interesting point to note is that the interference
terms (which are not shown in the plots) are very sensitive
to the axial GPDs H̃.

2. Single differential cross section

We now integrate over the kinematical variables ð−u0Þ
and (−t) and obtain the single differential cross section as a
function of M2

γρ. The details of this integration are given in
Appendix D of Ref. [13], and in Appendix E of Ref. [14].
The ansatz used for the t dependence of the cross section
has been modified in this work [see Eq. (5.1)] compared to
the previous paper [13], leading to slightly different values
for the cross sections. The effect of different values of SγN
on the single differential cross section is shown in Fig. 7 for
the chiral-even case and in Fig. 8 for the chiral-odd case.
The different colors, brown, green and blue, correspond to

FIG. 5. The fully differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively. The blue and green curves correspond to contributions from the u-quark
(Hu and H̃u) and d-quark (Hd and H̃d) GPDs respectively. The black curves correspond to the total contribution. Otherwise, conventions
are the same as in previous plots. We fix SγN ¼ 20 GeV2 and M2

γρ ¼ 4 GeV2.
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FIG. 6. The fully differential cross section for transversely polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively. The blue and green curves correspond to contributions from the u-quark
(Hu and H̃u) and d-quark (Hd and H̃d) GPDs respectively. The black curves correspond to the total contribution. Otherwise, conventions
are the same as in previous plots. We fix SγN ¼ 20 GeV2 and M2

γρ ¼ 4 GeV2.
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FIG. 7. The single differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function ofM2
γρ in the top left, top

right, bottom left and bottom right plots respectively for different values of SγN . The brown, green and blue curves correspond to
SγN ¼ 8; 14; 20 GeV2. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the dotted (nondotted) lines
correspond to the standard (valence) scenario.
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FIG. 8. The single differential cross section for transversely polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of M2
γρ in the top left, top

right, bottom left and bottom right plots respectively for different values of SγN . The brown, green and blue curves correspond to
SγN ¼ 8; 14; 20 GeV2. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the dotted (nondotted) lines
correspond to the standard (valence) scenario.
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SγN values of 8, 14 and 20 GeV2 respectively. As SγN
increases, the maximum value ofM2

γρ increases (simply due
to the increase in the phase space), while the value of the
cross section decreases.14

As previously mentioned, the peaks in the plots in Figs. 7
and 8 are the consequence of the competition between the
decrease in the cross section and the increase in the volume
of the phase space asM2

γρ increases. An interesting point to
note is that the peak of the distribution is always found at
low M2

γρ, around 3 GeV2. The reason for this is that the
cross section grows rapidly as M2

γρ decreases, but at the
same time, the kinematical cuts that we impose to use
collinear QCD factorization causes the volume of the phase
space to vanish at a minimum value of M2

γρ of about
2.1 GeV2. Furthermore, the height of the peak in the chiral-
odd case decreases faster as SγN increases. This can be

traced back to the ξ2 prefactor in Eq. (4.62), since ξ
decreases as M2

γρ decreases.
Like for the fully differential cross section plots,

we observe that the case of the photoproduction of γρ0n
has the strongest dependence on the GPD model used
for the chiral-odd case, while both γρ0n and γρ−n channels
(i.e. on a neutron target) are very sensitive to the GPD
model used for the chiral-even case. Finally, in both chiral-
even and chiral-odd cases, using a holographic DA instead
of an asymptotic DA gives a larger cross section, by a factor
of roughly 2.

3. Integrated cross section

In this subsection, we discuss the variation of the cross
section as a function of SγN , after integration over ð−u0Þ,
(−t) and M2

γρ. The details of the integration are found in
Appendix D of Ref. [13] and Appendix E of Ref. [14]. The
variation of the cross section as a function of SγN is shown
in Fig. 9 for the chiral-even case and Fig. 10 for the chiral-
odd case. In both cases, the cross section has a peak, which
occurs at around 20 GeV2 for the chiral-even case, and

FIG. 9. The integrated cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of SγN in the top left, top right,
bottom left and bottom right plots respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the
dotted (nondotted) lines correspond to the standard (valence) scenario.

14A similar effect was observed in Fig. 2 with increasing M2
γρ,

instead of SγN .
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FIG. 10. The integrated cross section for transversely polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of SγN in the top left, top right,
bottom left and bottom right plots respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the
dotted (nondotted) lines correspond to the standard (valence) scenario.
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around 12 GeV2 for the chiral-odd case (in the chiral-even
case, the presence of the peak becomes evident in Fig. 23
which corresponds to the same plot but extends to higher
energies typical of COMPASS kinematics). In accordance
with Figs. 7 and 8, where we observed that the peak of the
single-differential cross section decreases more rapidly
with increasing SγN for the chiral-odd case, we observe
here that the peak in the integrated cross section occurs at
lower values of SγN with chiral-odd GPDs. Similar com-
ments as in the previous subsection apply, i.e. the case of
the photoproduction of γρ0n has the strongest dependence on
the GPD model used for the chiral-odd case, while both γρ0n
and γρ−n channels (i.e. on a neutron target) are very sensitive
to the GPD model used for the chiral-even case.
Furthermore, in both chiral-even and chiral-odd cases,
using a holographic DA instead of an asymptotic DA gives
a larger cross section, by a factor of roughly 2.

4. Polarization asymmetries

We now discuss the plots for the LPA. First, we show
the effect of different M2

γρ on the LPAs at the fully
differential level [i.e. differential in ð−u0Þ, M2

γρ and (−t)
as in Sec. V C 1] in Fig. 11. As in Fig. 2, the values of M2

γρ

used are 3, 4 and 5 GeV2. One thus finds that the process is

dominated by incoming linearly polarized photons along
the y direction, since the LPA is in general negative.
For the neutral ρ-meson case, we observe that the

LPA has a weak dependence on both the GPD and DA
models used, especially at low ð−u0Þ. Furthermore, the
LPA remains quite flat and very sizable except close to
the maximum value of ð−u0Þ. Finally, we also find that
the LPA does not change significantly for different
values of M2

γρ. Both of the previous two observations
make the LPA very promising for being measured
at JLab.
For the charged ρ-meson case, the LPA is very sizable

at low ð−u0Þ and its magnitude gradually decreases as
ð−u0Þ increases. The shape is thus very different from the
neutral ρ-meson one. On the other hand, the shape of the
LPA is very similar to the one for the charged π� case
(see Fig. 8 in Ref. [1]), except that the effect of the
GPD model goes in the opposite direction (i.e. the more
sizable LPA comes from the standard scenario for the
ρ-meson case, but for the π�, this corresponds to the
valence scenario). The LPA also becomes more sizable
when M2

γρ increases.
Next, we show how the relative contributions from

the vector and axial GPDs affect the LPA at the fully
differential level in Fig. 12. To obtain the green (blue)

FIG. 11. The LPA at the fully differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively for different values of M2

γρ. The black, red and blue curves correspond to
M2

γρ ¼ 3, 4, 5 GeV2 respectively, and SγN ¼ 20 GeV2. The same conventions as in Fig. 2 are used here.
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FIG. 12. The LPA at the fully differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively, usingM2

γρ ¼ 4 GeV2 and SγN ¼ 20 GeV2. The same conventions as in Fig. 4
are used here. Note that the vector contributions consist of only two curves in each case, since they are insensitive to either valence or
standard scenarios.
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curves, we set all vector (axial) contributions to the
polarized cross sections to zero, in both the numerator
and denominator of Eq. (4.64). In the case of ρ0, the
relative contribution of the axial GPD to the LPA is small
at low ð−u0Þ, but becomes important as ð−u0Þ increases,
which can be implied from Fig. 4. Interestingly, for ρ−,
the contribution to the LPA from the vector GPD changes
from −1 at low ð−u0Þ to þ1 at high ð−u0Þ. The LPA
calculated from the axial GPD contribution has very little
sensitivity to the GPD model used, in contrast with the π�

case, cf. Fig. 9 in Ref. [1].
At first sight, it may seem strange that the GPD model

nevertheless has a sizable effect on the total LPA for
the ρ meson in Fig. 12. This can be understood from the
way the LPA is normalized. Taking the ρþp as a specific
example, one observes that the cross section correspond-
ing to the axial contribution, though small, changes by a
factor of roughly 2 between the two GPD models; see
Fig. 4. For the LPA, one finds that the axial GPD
contribution has a negative value of −0.5 (independent
of the GPD model), and has a larger absolute size than

the vector GPD part which is roughly 0.1. Therefore, the
only difference between the two GPD models when
computing the LPA for the total contribution occurs due
to the factor of 2 coming from the cross section, which
when coupled with the large negative value of −0.5,
leads to a sizable difference.
The relative contributions from the u-quark GPDs

(Hu and H̃u) and d-quark GPDs (Hd and H̃d) to the
LPA are shown in Fig. 13.
Next, we show the LPA, at the single differential level,

for different values of SγN in Fig. 14. As for the cross
section plots in Sec. V C 2, the values of SγN used are 8, 14
and 20 GeV2. We note that neither the GPD nor the DA
models have a significant effect on the LPA. This is contrast
to the π� case, where the GPD model had an important
effect; see Fig. 11 in Ref. [1]. Moreover, the magnitude of
the LPA remains quite large throughout the range of M2

γρ.
This makes the LPA at the single differential level very
promising to be measured experimentally.
Finally, we show the LPA, integrated over all differential

variables, as a function of SγN in Fig. 15. The LPA in all

FIG. 13. The LPA at the fully differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively, using M2

γρ ¼ 4 GeV2 and SγN ¼ 20 GeV2. The blue and green curves
correspond to contributions from the u-quark (Hu and H̃u) and d-quark (Hd and H̃d) GPDs respectively. The black curves correspond to
the total contribution. The same conventions as in Fig. 5 are used here.
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FIG. 14. The LPA at the single differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function ofM2
γρ in the top left,

top right, bottom left and bottom right plots respectively. The brown, green and blue curves correspond to SγN ¼ 8; 14; 20 GeV2. The
same color and line style conventions as in Fig. 7 are used here.

FIG. 15. The LPA integrated over all differential variables for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown in the top left, top right,
bottom left and bottom right plots respectively. The same color and line style conventions as in Fig. 9 are used here.
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four plots is rather flat, and is quite sizable, with the ρþp
having the smallest magnitude of roughly 40%, while it
goes up to about 80% for the others. As at the single
differential level, the LPA here has little sensitivity to the
DA and GPD models used. Thus, the LPA is sizable, and
taking into account the fact that the expected counting rates
found in Sec. V F 1 are large, the measurement of such an
observable is very promising.

D. COMPASS kinematics

Typically, COMPASS consists of colliding muons at
an energy of 160 GeV onto a fixed target. This translates
to a muon-nucleon center-of-mass energy of roughly
301 GeV2. Since the skewness ξ decreases with increasing
SγN [see Eq. (2.16)], COMPASS can in principle give us
access to a kinematical region of small ξ for GPDs
(0.0027 ≤ ξ ≤ 0.35), not accessible at JLab. The typical

center-of-mass energy SγN used for the plots that we show
in this section is 200 GeV2.

1. Fully differential cross section

Figure 16 shows the effect of different values of M2
γρ

on the fully differential cross section for the chiral-even
case. We choose three different values for M2

γρ, namely
M2

γρ ¼ 3; 4; 5 GeV2. Compared to the corresponding plots
at SγN ¼ 20 GeV2 in Fig. 2, the cross sections here are
smaller by a factor of roughly 8. We note that the
uncertainty due to the model used is significant for
the charged ρ-meson case, and is particularly driven by
the GPD model. This allows in principle to discriminate
between the two GPD models that are investigated.
The variation of the differential cross section with ð−u0Þ

for the chiral-odd case is shown in Fig. 17. Here, we note
that the cross section is much smaller than in the chiral-even

FIG. 16. The fully differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top
left, top right, bottom left and bottom right plots respectively for different values of M2

γρ. The black, red and blue curves
correspond to M2

γρ ¼ 3, 4, 5 GeV2 respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA,
while the dotted (nondotted) lines correspond to the standard (valence) scenario. As mentioned in the main text, SγN is fixed at
200 GeV2 here.
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FIG. 17. The fully differential cross section for transversely polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left, top
right, bottom left and bottom right plots respectively for different values ofM2

γρ. The black, red and blue curves correspond toM2
γρ ¼ 3,

4, 5 GeV2 respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the dotted (nondotted)
lines correspond to the standard (valence) scenario. As mentioned in the main text, SγN is fixed at 200 GeV2 here.
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FIG. 18. The fully differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively. The blue and green curves correspond to contributions from the vector and
axial GPDs respectively. The black curves correspond to the total contribution, i.e. vector and axial GPD contributions combined. As
before, the dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the dotted (nondotted) lines correspond to
the standard (valence) scenario. We fix SγN ¼ 200 GeV2 and M2

γρ ¼ 4 GeV2. Note that the vector contributions consist of only two
curves in each case, since they are insensitive to either valence or standard scenarios.
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FIG. 19. The fully differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively. The blue and green curves correspond to contributions from the u-quark
(Hu and H̃u) and d-quark (Hd and H̃d) GPDs respectively. The black curves correspond to the total contribution. Otherwise, conventions
are the same as in previous plots. We fix SγN ¼ 200 GeV2 and M2

γρ ¼ 4 GeV2.
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case, a feature which is more pronounced than in the JLab
kinematics case. This can be attributed to the fact that the
amplitude squared is proportional to ξ2 [see Eq. (4.62)], and
ξ becomes smaller at higher center-of-mass energies SγN .
On the other hand, this ξ2 factor is absent for the chiral-even
case; see Eq. (4.33).
The relative contributions of the vector and axial GPDs

to the cross section for the longitudinally polarized
ρ-meson case are shown in Fig. 18. Similar comments
as in Sec. V C 1 apply.
Finally, to conclude this subsection, the relative con-

tributions of the u-quark and d-quark GPDs to the cross
section are shown in Fig. 19 for the chiral-even case, and in
Fig. 20 for the chiral-odd case.

2. Single differential cross section

Figure 21 shows the variation of the single differential
cross section with M2

γρ for different values of SγN for the
chiral-even case. We choose three different values for

SγN , namely 80, 140 and 200 GeV2. Due to large
variations in the cross section over the full range of
M2

γρ, a log scale is used for the vertical axis. We observe
that the cross section is dominated by the region of very
small M2

γρ.
For the chiral-odd case, shown in Fig. 22, we first note

that the cross section is smaller with respect to the chiral-
even case, by a factor of roughly 100. In particular, the
height of the peak for the chiral-odd case is much lower
than that in the chiral-even case. Again, this is related to the
ξ2 suppression factor that comes from the square of the
chiral-odd amplitude.

3. Integrated cross section

In Fig. 23, we show the variation of the integrated cross
section as a function of SγN for the chiral-even case. We
cover the entire kinematical range of COMPASS by going
to SγN ¼ 300 GeV2. The peak of the cross section occurs at
around 20 GeV2.

FIG. 20. The fully differential cross section for transversely polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively. The blue and green curves correspond to contributions from the u-quark
(Hu and H̃u) and d-quark (Hd and H̃d) GPDs respectively. The black curves correspond to the total contribution. Otherwise, conventions
are the same as in previous plots. We fix SγN ¼ 200 GeV2 and M2

γρ ¼ 4 GeV2.
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FIG. 21. The single differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function ofM2
γρ in the top left, top

right, bottom left and bottom right plots respectively for different values of SγN . The brown, green and blue curves correspond to
SγN ¼ 80; 140; 200 GeV2. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA,while the dotted (nondotted) lines
correspond to the standard (valence) scenario. The holographic DAwith the standard scenario has the largest contribution for every SγN.

PROBING CHIRAL-EVEN AND CHIRAL-ODD LEADING TWIST … PHYS. REV. D 107, 094023 (2023)

094023-31



FIG. 22. The single differential cross section for transversely polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function ofM2
γρ in the top left, top

right, bottom left and bottom right plots respectively for different values of SγN . The brown, green and blue curves correspond to
SγN ¼ 80; 140; 200 GeV2. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the dotted (nondotted)
lines correspond to the standard (valence) scenario.
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For the chiral-odd case, the variation of the integrated
cross section as a function of SγN is shown in Fig. 24.
The cross section here also has a peak at around 20 GeV2,
but falls more rapidly with increasing SγN thereafter.
Consequently, only the region of SγN close to the peak
is relevant for the chiral-odd case.

4. Polarization asymmetries

In this section, we show the results for the LPAs for
COMPASS kinematics. As for the cross section plots
in the previous section, we choose the reference value of
200 GeV2 for SγN for the fully differential and single
differential plots. As discussed in Sec. V C 4, the plots that
we show here correspond to LPAmax. Furthermore, we note
that only plots of the LPAs for the chiral-even case are
shown here, since the LPAs for the chiral-odd case vanish.
In Fig. 25, the LPAs at the fully differential level are

shown as a function of ð−u0Þ, for different values of M2
γρ.

The three values of M2
γρ that we use are M2

γρ ¼
3; 4; 5 GeV2, which correspond to the black, red and blue
curves respectively. As in the JLab kinematics case, we
observe that for the charged ρ-meson case, the LPAs can be
used to discriminate between the GPD models used.
Furthermore, for the ρ−n case, the sign of the LPA changes
from negative to positive as ð−u0Þ increases for the valence
scenario only.
In Fig. 26, we show the relative contributions of the

vector and axial GPDs to the LPA at the fully differential
level. The values SγN ¼ 200 GeV2 and M2

γρ ¼ 4 GeV2 are
used to generate the plots. For the ρ0p case, the LPA remains
very negative and relatively flat, except for the axial
contribution in the standard GPD scenario. For ρ0n, we
observe that the LPA remains rather flat at very negative
values throughout the range of ð−u0Þ. Finally, for the
charged ρ-meson case, the LPA covers a wider range,
starting at a sizable value at low ð−u0Þ.

FIG. 23. The integrated cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of SγN in the top left, top right,
bottom left and bottom right plots respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while
the dotted (nondotted) lines correspond to the standard (valence) scenario. We thus find that the maximum cross section appears at
around 20 GeV2, a feature which was not clear in Fig. 9.
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FIG. 24. The integrated cross section for transversely polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of SγN in the top left, top right,
bottom left and bottom right plots respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the
dotted (nondotted) lines correspond to the standard (valence) scenario.
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FIG. 25. The LPA at the fully differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively for different values of M2

γρ. The black, red and blue curves correspond to
M2

γρ ¼ 3, 4, 5 GeV2 respectively, and SγN ¼ 200 GeV2. The same conventions as in Fig. 16 are used here.
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FIG. 26. The LPA at the fully differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively, using M2

γρ ¼ 4 GeV2 and SγN ¼ 200 GeV2. The same conventions as in
Fig. 18 are used here. Note that the vector contributions consist of only two curves in each case, since they are insensitive to either
valence or standard scenarios.
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FIG. 27. The LPA at the fully differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively, using M2

γρ ¼ 4 GeV2 and SγN ¼ 200 GeV2. The blue and green curves
correspond to contributions from the u-quark (Hu and H̃u) and d-quark (Hd and H̃d) GPDs respectively. The black curves correspond to
the total contribution. The same conventions as in Fig. 19 are used here.
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The relative contributions of the u-quark and d-quark
GPDs to the LPA at the fully differential level are shown in
Fig. 27. We choose SγN ¼ 200 GeV2 and M2

γρ ¼ 4 GeV2

to generate the plots.
In Fig. 28, we show the variation of the LPA at the

single-differential level as a function of M2
γρ for different

values of SγN . We observe that the LPA is rather flat at a
value of about −0.8, with the exception of the charged
ρ-meson case at low M2

γρ. Furthermore, we note that
the GPD or DA model used has little effect on the LPA,
with the exception of the ρ−n case, where the GPD model
nevertheless has a non-negligible effect. This is in contrast
to the charged π�, where we found that the LPA is very
sensitive to the GPD model; see Fig. 21 in Ref. [1].
To conclude this section on COMPASS kinematics,

the variation of the LPA, integrated over all differential
variables, is shown as a function of SγN in Fig. 29. Here,
the LPA is again rather flat at roughly −0.8 with the
exception of the ρþp case, for which the magnitude of the
LPA is smaller. We also observe that the LPA is rather
insensitive to the GPD or DA model used, except for the
charged ρ-meson cases, for which the GPD model has
an effect.

E. EIC and UPCs at LHC kinematics

We consider photon-nucleon center-of-mass energies
SγN of up to 20 000 GeV2. Such a choice covers the whole
range of the expected EIC kinematics (with a maximum
center-of-mass energy of the electron-proton system of
roughly 19 600 GeV2 [21]), and the most relevant part of
LHC UPC kinematics (which in principle involves center-
of-mass energies of the order of the TeV scale).
Increasing the center-of-mass energy causes the skew-

ness ξ to decrease; see Eq. (5.2). At SγN ¼ 20 000 GeV2, ξ

can reach as low as ∼10−4. One might therefore ask the
question of whether small-x resummation effects (and
ultimately saturation effects), in which gluons play an
essential role, could become important in that kinematical
domain. First, we note that for charged ρmesons in the final
state, quarks have to be exchanged in the t channel, simply
by virtue of charge conservation. For the neutral ρ0-meson
case, which is C-odd, gluon exchanges start at next-to-
leading order, resulting in the C-odd odderon exchange.
This odderon exchange is poorly known and is presumably
not too large [22–24], and a detailed discussion of this
exchange is beyond the scope of our work.

FIG. 28. The LPA at the single differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function ofM2
γρ in the top left,

top right, bottom left and bottom right plots respectively. The brown, green and blue curves correspond to SγN ¼ 80; 140; 200 GeV2.
The same color and line style conventions as in Fig. 21 are used here.
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FIG. 29. The LPA integrated over all differential variables for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown in the top left, top
right, bottom left and bottom right plots respectively as a function of SγN . The same color and line style conventions as in Fig. 23 are
used here.
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For UPCs at LHC kinematics, we note that both the
cross section and the photon flux drop very rapidly as SγN
increases. Therefore, only a tiny contribution is lost by
neglecting contributions which are beyond the kinematics
of EIC, i.e. above SγN ¼ 20 000 GeV2.

1. Fully differential cross section

At large SγN , typical of EIC and UPCs at LHC
kinematics, the cross section for the chiral-odd case is
heavily suppressed compared to the chiral-even case. As
mentioned before, this is due to the ξ2 factor that appears in
front of the squared amplitude for the chiral-odd case.
Consequently, in this section, we only show the plots for
the chiral-even case.
In Fig. 30, the fully differential cross section as a

function of ð−u0Þ is shown for different values of M2
γρ.

We choose SγN ¼ 20 000 GeV2. For M2
γρ, we take

M2
γρ ¼ 3; 4; 5 GeV2, since the cross section becomes much

smaller at higher values of M2
γρ. We observe a decrease of

the cross section by a factor of roughly 100 compared to the
COMPASS kinematics case in Sec. V D 1.
The relative contributions of the vector and axial GPDs

to the fully differential cross section are shown in Fig. 31
as a function of ð−u0Þ. The plots are generated using
M2

γρ ¼ 4 GeV2 and SγN ¼ 20 000 GeV2.
To conclude this subsection, we show the relative

contributions of the u-quark and d-quark GPDs to the
fully differential cross section in Fig. 32, as a function
of ð−u0Þ. The value of SγN is fixed at 20 000 GeV2 andM2

γρ

at 4 GeV2.

2. Single differential cross section

We proceed as in Sec. V E 1, and show only plots for the
dominant chiral-even case.
Here, we show the variation of the cross section at the

single-differential level as a function of M2
γρ for different

FIG. 30. The fully differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top
left, top right, bottom left and bottom right plots respectively for different values of M2

γρ. The black, red and blue curves
correspond to M2

γρ ¼ 3, 4, 5 GeV2 respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA,
while the dotted (nondotted) lines correspond to the standard (valence) scenario. As mentioned in the main text, SγN is fixed at
20 000 GeV2 here.
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FIG. 31. The fully differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively. The blue and green curves correspond to contributions from the vector and
axial GPDs respectively. The black curves correspond to the total contribution, i.e. vector and axial GPD contributions combined. As
before, the dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the dotted (nondotted) lines correspond to
the standard (valence) scenario. We fix SγN ¼ 20 000 GeV2 and M2

γρ ¼ 4 GeV2. Note that the vector contributions consist of only two
curves in each case, since they are insensitive to either valence or standard scenarios.
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FIG. 32. The fully differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively. The blue and green curves correspond to contributions from the u-quark
(Hu and H̃u) and d-quark (Hd and H̃d) GPDs respectively. The black curves correspond to the total contribution. Otherwise, conventions
are the same as in previous plots. We fix SγN ¼ 20 000 GeV2 and M2

γρ ¼ 4 GeV2.
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values of SγN in Fig. 33. We choose three different values
for SγN, namely 800, 4000 and 20 000 GeV2 for the brown,
green and blue curves respectively. We observe that the
peak of the cross section lies at low values of M2

γρ

(roughly 3–4 GeV2).

3. Integrated cross section

In Fig. 34, the variation of the integrated cross section
as a function of SγN is shown for the chiral-even case.
We observe that the largest cross section is obtained by
using a holographic DA model and the GPD model
corresponding to the standard scenario (dash-dotted line).
We note that the cross section falls to very low values at
SγN ¼ 20 000 GeV2, roughly 200 times less than its value
at the peak, which occurs at around 20 GeV2. This, coupled
with the fact that the photon flux in UPCs also decreases
with SγN , justifies the truncation at SγN ¼ 20 000 GeV2

when considering UPCs at LHC kinematics, which
involves TeV energies.
The corresponding plots for the chiral-odd case are

shown in Fig. 35. Here, we observe that the cross section,
after the peak, drops at a much faster rate compared to
the chiral-even case. In fact, the cross section at SγN ¼
20 000 GeV2 drops by a factor of roughly 106 compared to
its value at the peak.

4. Polarization asymmetries

We recall that the LPA for the chiral-odd case vanishes,
and therefore, we only show plots for the chiral-even case
in this section.
In Fig. 36, the LPA at the fully differential level is shown

as a function of ð−u0Þ, for different values of M2
γρ. The

kinematical values chosen are SγN ¼ 20 000 GeV2, and
M2

γρ ¼ 3; 4; 5 GeV2. The behavior of the LPA is similar to
the ones described in previous sections.

FIG. 33. The single differential cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of M2
γρ in the top left,

top right, bottom left and bottom right plots respectively for different values of SγN . The brown, green and blue curves correspond to
SγN ¼ 800; 4000; 20 000 GeV2. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the dotted
(nondotted) lines correspond to the standard (valence) scenario. Note that both axes are log scales.
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FIG. 34. The integrated cross section for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of SγN in the top left, top right,
bottom left and bottom right plots respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the
dotted (nondotted) lines correspond to the standard (valence) scenario.
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FIG. 35. The integrated cross section for transversely polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of SγN in the top left, top right,
bottom left and bottom right plots respectively. The dashed (nondashed) lines correspond to the holographic (asymptotic) DA, while the
dotted (nondotted) lines correspond to the standard (valence) scenario.
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FIG. 36. The LPA at the fully differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively for different values of M2

γρ. The black, red and blue curves correspond to
M2

γρ ¼ 3, 4, 5 GeV2 respectively, and SγN ¼ 20 000 GeV2. The same conventions as in Fig. 30 are used here.
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We show the relative contributions from the vector
and axial GPDs to the LPA at the fully differential level
in Fig. 37, as a function of ð−u0Þ. We choose SγN ¼
20 000 GeV2 and M2

γρ ¼ 4 GeV2 to generate the plots.
Next, the relative contributions from the vector and axial

GPDs to the LPA are shown in Fig. 37. SγN ¼ 20 000 GeV2

and M2
γρ ¼ 4 GeV2 are used to generate the plots. As

before, the axial GPD contributions using the standard and
valence scenarios are significantly different, while the DA
model has little effect on the LPA. Similar comments as
before apply.
Finally, the relative contributions to the LPA from

the u-quark and d-quark GPDs are shown in Fig. 38 as a
function of ð−u0Þ. The kinematical values used to generate
the plots are SγN ¼ 20 000 GeV2 and M2

γρ ¼ 4 GeV2.
The LPA at the single differential level is shown in

Fig. 39 as a function of M2
γρ for different values of SγN .

The three values of SγN chosen are 800, 4000 and
20 000 GeV2 corresponding to the brown, green and blue
curves respectively. We observe that the behavior of the
LPA is very similar to the one for COMPASS kinematics
in Fig. 28.

To conclude this section, the LPA, computed after
integration over the differential variables, is shown as a
function of SγN in Fig. 40. Again, we note that the behavior
of the LPA is very similar to the one corresponding to
COMPASS kinematics; see Fig. 29.

F. Counting rates

1. JLab

At JLab, to calculate the photon flux, we use the
Weizsäcker-Williams distribution. The details of the for-
mulas used are found in Appendix D. 1 of Ref. [1].
The lepton beam at JLab forces one to also consider

Bethe-Heitler-type processes. However, such contributions
are suppressed with respect to the photoproduction mecha-
nism studied here; see Ref. [13].
The angular coverage of the final-state particles is in

principle a potential experimental issue. It can be shown
that the angular distribution of the outgoing photon at JLab
Hall B, which might evade detection, does not affect our
predictions. The discussion on this subject is presented in
Appendix B.

FIG. 37. The LPA at the fully differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively, using M2

γρ ¼ 4 GeV2 and SγN ¼ 20 000 GeV2. The same conventions as in
Fig. 31 are used here. Note that the vector contributions consist of only two curves in each case, since they are insensitive to either
valence or standard scenarios.
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FIG. 38. The LPA at the fully differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of ð−u0Þ in the top left,
top right, bottom left and bottom right plots respectively, using M2

γρ ¼ 4 GeV2 and SγN ¼ 20 000 GeV2. The blue and green curves
correspond to contributions from the u-quark (Hu and H̃u) and d-quark (Hd and H̃d) GPDs respectively. The black curves correspond to
the total contribution. The same conventions as in Fig. 32 are used here.
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FIG. 39. The LPA at the single differential level for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown as a function of M2
γρ in the top

left, top right, bottom left and bottom right plots respectively. The brown, green and blue curves correspond to SγN ¼ 800, 4000 and
20 000 GeV2. The same color and line style conventions as in Fig. 33 are used here. Note that a log scale is used for the
horizontal axis.
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The counting rates expected at JLab for our process are
shown in Table I, assuming a luminosity of 100 nb−1 s−1,
and 100 days of data-taking. The minimum and maxi-
mum values of the counting rates correspond to the
boundaries obtained by considering all four different
possibilities, i.e. the two models for the GPDs (standard
and valence scenarios) and the two models for the DAs
(asymptotic and holographic DA). The smallest value is
in general obtained for an asymptotic DA with a valence
scenario GPD model, while the largest value is obtained
for a holographic DA with a standard scenario GPD
model. The values obtained for the JLab experiment are
very promising.

2. COMPASS

At COMPASS, one again uses the Weizsäcker-Williams
distribution to obtain the photon flux from the muon beam.
Here, we also fix Q2

max ¼ 0.1 GeV2.
The counting rates expected at COMPASS for our

process are shown in Table II. Like before, the minimum
and maximum values of the counting rates correspond to
the boundaries obtained by considering all the different
possibilities, i.e. the two models for the GPDs (standard
and valence scenarios) and the two models for the DAs
(asymptotic and holographic DA). In general, the lowest
value is obtained for an asymptotic DA with the valence

FIG. 40. The LPA integrated over all differential variables for longitudinally polarized ρ0p; ρ0n; ρþp ; ρ−n is shown in the top left, top right,
bottom left and bottom right plots respectively as a function of SγN . The same color and line style conventions as in Fig. 34 are used here.

TABLE I. Estimated counting rates at JLab for γρ photo-
production.

GPD Meson Counting rates

Chiral-even ρ0p 1.3–2.4 × 105

ρ0n 1.7–4.0 × 104

ρþp 0.9–1.4 × 105

ρ−n 0.3–1.8 × 105

Chiral-odd ρ0p 2.1–4.2 × 104

ρ0n 1.0–2.6 × 104

ρþp 3.5–6.7 × 104

ρ−n 3.5–6.8 × 104

TABLE II. Estimated counting rates at COMPASS for γρ
photoproduction.

GPD Meson Counting rates

Chiral-even ρ0p 0.7–1.2 × 103

ρ0n 0.8–2.1 × 102

ρþp 3.6–7.4 × 102

ρ−n 3.0–8.1 × 102

Chiral-odd ρ0p 75–152
ρ0n 36–98
ρþp 135–257
ρ−n 133–257
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scenario, while the largest value is obtained for a holo-
graphic DA with the standard scenario. We assume a
luminosity of 0.1 nb−1 s−1, and 300 days of data-taking.

3. EIC

The counting rates for EIC, assuming a total integrated
luminosity of 107 nb−1, are shown in Table III. In particu-
lar, we use the highest expected electron-nucleon center-of-
mass energy, corresponding to SeN ¼ 19 600 GeV2 [21].
Since the center-of-mass energies available at EIC are high
enough, one can study the kinematic region where the
skewness ξ is small. Therefore, we also show the counting
rates with the constraint that SγN > 300 GeV2, which
corresponds roughly to ξ≲ 5 × 10−3.15 In fact, values of
the skewness ξ as small as 7.5 × 10−6 can be probed. By
imposing the cut in SγN , the counting rates decrease by a
factor of roughly 20 in the chiral-even case. This significant
decrease is due to the fact that the peak of the cross section
is located at low SγN, roughly 20 GeV2, as can be seen in
Figs. 23 and 34. In the chiral-odd case, the region of small ξ
is heavily suppressed, since the cross section is multiplied
by a factor of ξ2, compared to the chiral-even case; see
Eqs. (4.37) and (4.62). As a result, we do not show the
counting rates for the chiral-odd case when imposing the
SγN > 300 GeV2 cut. The minimum and maximum values
for the counting rates in Table III are obtained as described
in previous sections.

4. Ultraperipheral collisions at LHC

In UPCs, the beam and target are far enough apart such
that there are no hadronic interactions between them, such
that the nucleus/proton interacts by the exchange of
photons. In particular, heavy nuclei, such as lead, can

act as a good source of photons, since the photon flux scales
as Z2, where Z is the charge of the nucleus. The details
on how the photon flux is obtained can be found in
Appendix D. 2 of Ref. [1].
The counting rates corresponding to p-Pb UPCs at the

LHC, assuming an integrated luminosity of 1200 nb−1,
are shown in Table IV. This corresponds to the expected
data taking for runs 3 and 4 [25]. As in Sec. V F 3, there is
an order-of-magnitude drop in the counting rates for
the chiral-even case when a cut of SγN > 300 GeV2 is
imposed. The chiral-odd counting rates are also very small
when the SγN > 300 GeV2 cut is applied, and they are thus
omitted from Table IV.

VI. CONCLUSION

In this work, we extended the analysis of the γN →
γρ0N0 process introduced in Ref. [13] by including the
linear polarization asymmetries, extending the kinematics
to selected future experiments (COMPASS, EIC and UPCs
at the LHC), computing predictions for an alternative
“holographic” DA [Eq. (3.9)] and considering charged ρ
mesons. Since we considered the large-angle scattering
kinematics, which amounts to large ð−u0Þ and M2

γρ, and
small (−t), we were able to employ the collinear factori-
zation. In fact, QCD factorization has been recently proven
to hold for a family of 2 → 3 exclusive processes [11,12],
which includes our process, for large jp⃗tj. We found that
imposing kinematical cuts on ð−u0Þ; ð−t0Þ and (−t) in
Eq. (2.14) is sufficient to push the ρN0 invariant mass
above the resonance region.
Our results show that the exclusive photoproduction of a

γρ pair provides another interesting channel to study GPDs,
besides the extensively studied channels such as DVCS,
Deeply Virtual Meson Production (DVMP) and Timelike
Compton Scattering (TCS). We have estimated the count-
ing rates at various experiments in Sec. V F, and the values
obtained are promising, especially at JLab where they were
found to be of the order of 105, assuming a luminosity
of 100 nb−1 s−1, and 100 days of data-taking. In fact, the
GPD model corresponding to the standard scenario,
which is favored by lattice results [26], as well as its
recent update in Ref. [27], gives larger cross sections in
general. Furthermore, we found that the linear polarization

TABLE III. Estimated counting rates at EIC kinematics for γρ
photoproduction.

GPD Meson
Total counting

rates
Counting rates

with SγN > 300 GeV2

Chiral-even ρ0p 1.3–2.4 × 104 0.6–1.2 × 103

ρ0n 1.7–4.3 × 103 1.3–2.4 × 102

ρþp 0.7–1.5 × 104 3.1–9.3 × 102

ρ−n 0.6–1.6 × 104 2.0–9.1 × 102

Chiral-odd ρ0p 1.2–2.4 × 103

ρ0n 0.6–1.5 × 103

ρþp 2.1–4.2 × 103

ρ−n 2.1–4.1 × 103

TABLE IV. Estimated counting rates at p-Pb UPCs at LHC for
γρ photoproduction.

GPD Meson
Total counting

rates
Counting rates

with SγN > 300 GeV2

Chiral-even ρ0p 0.9–1.6 × 104 4.1–8.1 × 102

ρþp 0.5–1.1 × 104 2.1–6.4 × 102

Chiral-odd ρ0p 0.8–1.7 × 103

ρþp 1.5–2.9 × 103

15Note that the relation between SγN and ξ involvesM2
γρ, which

is why a cut in SγN does not directly correspond to a cut in ξ.
However, as can be seen in Sec. V E 2, the cross section is
dominated by small M2

γρ, so the region of small ξ is actually the
one where most of the contribution comes from.
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asymmetries with respect to the incoming photon are
sizable. Moreover, by exploiting the high energies available
at EIC and UPCs at the LHC, one is able to probe GPDs in
the region of small skewness ξ, a region where very little is
known about GPDs. We found that by restricting the
kinematics to the region of ξ ≤ 5 × 10−3, the counting
rates drop by a factor of roughly 10, which still leaves
sufficient statistics.
We intend to extend the present computation by includ-

ing next-to-leading-order corrections in αs. While QCD
collinear factorization was proved for our process, the
knowledge of such corrections, which are often significant
for phenomenology, will increase the precision of our
predictions and will give us the opportunity to estimate
the uncertainties related to our process based on the
collinear factorization approach.
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APPENDIX A: CHIRAL-ODD AMPLITUDES

For the chiral-odd case, diagrams A3 and A4 contribute to
the structure Ti

A⊥ while diagrams B1 and B5 contribute to
the structure Ti

B⊥. Thus,

Nq
TA½ðABÞ123�≡ Nq

TA½A3�; ðA1Þ

Nq
TA½ðABÞ45�≡ Nq

TA½A4�; ðA2Þ

Nq
TB½ðABÞ123�≡ Nq

TB½B1�; ðA3Þ

Nq
TB½ðABÞ45�≡ Nq

TB½B5�: ðA4Þ

For convenience, we define the coefficients T⊥
A ½A3�;

T⊥
A ½A4�; T⊥

B ½B1� and T⊥
B ½B5�, given by

Nq
TA½A3�≡

Z
1

−1

Z
1

0

T⊥
A ½A3�ϕðzÞdzHTðx; ξÞdx; ðA5Þ

Nq
TA½A4�≡

Z
1

−1

Z
1

0

T⊥
A ½A4�ϕðzÞdzHTðx; ξÞdx; ðA6Þ

Nq
TB½B1�≡

Z
1

−1

Z
1

0

T⊥
B ½B1�ϕðzÞdzHTðx; ξÞdx; ðA7Þ

Nq
TB½B5�≡

Z
1

−1

Z
1

0

T⊥
B ½B5�ϕðzÞdzHTðx; ξÞdx: ðA8Þ

1. Asymptotic DA case

For the case of the asymptotic DA in Eq. (3.8), we get16

T⊥
A ½A3�ϕasðzÞ ¼ −

3

α2ᾱξðξ − x − iϵÞðξþ x − iϵÞ ; ðA9Þ

T⊥
A ½A4�ϕasðzÞ ¼ 3ð1 − zÞ

α2ξðξ − x − iϵÞðαð−ξþ xþ iϵÞ þ ð1 − zÞð2ξþ ð1 − αÞð−ξþ xþ iϵÞÞÞ ; ðA10Þ

T⊥
B ½B1�ϕasðzÞ ¼ −

3

ð1 − αÞξðξ − x − iϵÞðξþ xþ iϵÞ ; ðA11Þ

T⊥
B ½B5�ϕasðzÞ ¼ 3z

ξðξþ xþ iϵÞðαð−ξþ xþ iϵÞ þ ð1 − zÞð2ξþ ð1 − αÞð−ξþ xþ iϵÞÞÞ : ðA12Þ

The integral with respect to z is trivially performed in this case. Thus, one gets

16We note that some typos have been corrected here with respect to results in Appendix B 2 of our previous publication [13].
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Z
1

0

T⊥
A ½A3�ϕasðzÞdz ¼ −

3

α2ᾱξðξ − x − iϵÞðξþ x − iϵÞ ;

Z
1

0

T⊥
A ½A4�ϕasðzÞdz ¼ 3

α2ξðξ − x − iϵÞð2ξþ ð1 − αÞð−ξþ xþ iϵÞÞ þ
3 ln

�
ξþxþiϵ

αð−ξþxþiϵÞ
�

αξð2ξþ ð1 − αÞð−ξþ xþ iϵÞÞ2 ; ðA13Þ
Z

1

0

T⊥
B ½B1�ϕasðzÞdz ¼ −

3

ð1 − αÞξðξ − x − iϵÞðξþ xþ iϵÞ ;

Z
1

0

T⊥
B ½B5�ϕasðzÞdz ¼ −

3

ξðξþ xþ iϵÞð2ξþ ð1 − αÞð−ξþ xþ iϵÞÞ þ
3 ln

�
ξþxþiϵ

αð−ξþxþiϵÞ
�

ξð2ξþ ð1 − αÞð−ξþ xþ iϵÞÞ2 : ðA14Þ

Let us note that the last term in the previous expressions
(A13) and (A14) might seem to have a double pole when
x ¼ − 1þα

ᾱ ξ − iϵ. However, the logarithm cancels under
such conditions, so this pole is actually a simple pole.
Using Eqs. (A5) to (A8), we can write the integrals with

respect to x in terms of building block integrals, given in
Appendix D of Ref. [14]. Thus, we have

Nq
TA½A3� ¼

3

2α2ᾱξ2
ðIe − IgÞ; ðA15Þ

Nq
TA½A4� ¼ −

3

α2ξ
Ia þ

3

αξ
Id; ðA16Þ

Nq
TB½B1� ¼

3

2ᾱξ2
ðIe − IfÞ; ðA17Þ

Nq
TB½B5� ¼ −

3

ξ
Il þ

3

ξ
Id: ðA18Þ

For symmetric GPDs, we have

Nq
TA½A3�s ¼

3

2α2ᾱξ2
ð2IeÞ; ðA19Þ

Nq
TA½A4�s ¼ −

3

α2ξ

�
1

2ξ
Ie −

ᾱ

2ξ
Ii

�
þ 3

αξ
Id; ðA20Þ

Nq
TB½B1�s ¼

3

2ᾱξ2
ðIe þ ĪeÞ; ðA21Þ

Nq
TB½B5�s ¼ −

3

ξ

�
−

1

2αξ
Īe −

ᾱ

2αξ
Ii

�
þ 3

ξ
Id: ðA22Þ

For antisymmetric GPDs, we have

Nq
TA½A3�a ¼ 0; ðA23Þ

Nq
TA½A4�a ¼ −

3

α2ξ

�
1

2ξ
Ie −

ᾱ

2ξ
Ii

�
þ 3

αξ
Id; ðA24Þ

Nq
TB½B1�a ¼

3

2ᾱξ2
ðIe − ĪeÞ; ðA25Þ

Nq
TB½B5�a ¼ −

3

ξ

�
1

2αξ
Īe −

ᾱ

2αξ
Ii

�
þ 3

ξ
Id: ðA26Þ

So, only the building block integrals Ie, Ii and Id are
needed in the asymptotical DA case.

2. Holographic DA case

Here, we essentially repeat the above steps, but with
a holographic DA whose form is given in Eq. (3.9),
instead of an asymptotic DA. For the contributions to
diagrams A3 and B1, the same results as in the asymptotic
DA case can be used, with a change of the overall
prefactor from 6 to 8; see Eqs. C.3 and C.4 in Ref. [1].
Therefore, we only focus on the results for the A4 and B5

diagrams here. The results, in terms of the building
block integrals given in Appendix D of Ref. [14] and
Appendix C of Ref. [1], read

Nq
TA½A4�≡ s3

Z
1

−1

Z
1

0

T⊥
A ½A4�ϕholðzÞdzHTðx; ξÞdx

¼ −
4

α2ξ

�
1

2ξ
Ie −

ffiffiffi
α

p
χa

�
; ðA27Þ

Nq
TB½B5�≡ s3

Z
1

−1

Z
1

0

T⊥
B ½B5�ϕholðzÞdzHTðx; ξÞdx

¼ 4

ξ

�
−

1

2αξ
If þ

1ffiffiffi
α

p χa

�
: ðA28Þ

For symmetric GPDs, we have

Nq
TA½A4�s ≡ s3

Z
1

−1

Z
1

0

T⊥
A ½A4�sϕholðzÞdzHTðx; ξÞdx

¼ −
4

α2ξ

�
1

2ξ
Ie −

ffiffiffi
α

p
χa

�
; ðA29Þ
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Nq
TB½B5�s ≡ s3

Z
1

−1

Z
1

0

T⊥
B ½B5�sϕholðzÞdzHTðx; ξÞdx

¼ 4

ξ

�
1

2αξ
Īe þ

1ffiffiffi
α

p χa

�
; ðA30Þ

and for antisymmetric GPDs, we have

Nq
TA½A4�a ≡ s3

Z
1

−1

Z
1

0

T⊥
A ½A4�aϕholðzÞdzHTðx; ξÞdx

¼ −
4

α2ξ

�
1

2ξ
Ie −

ffiffiffi
α

p
χa

�
; ðA31Þ

Nq
TB½B5�a ≡ s3

Z
1

−1

Z
1

0

T⊥
B ½B5�aϕholðzÞdzHTðx; ξÞdx

¼ 4

ξ

�
−

1

2αξ
Īe þ

1ffiffiffi
α

p χa

�
: ðA32Þ

So, only the extra building block integral χa is needed.

APPENDIX B: EFFECT OF ANGULAR CUTS ON
THE OUTGOING PHOTON AT JLab

In this appendix, we show the influence of angular cuts
on the outgoing photon at JLab on the cross section.

1. Angular distribution

The derivation of the angular distribution was performed
in Appendix E in Ref. [13], and we do not repeat the details
here. However, for the sake of completeness, we reproduce
here the relevant results.
We require the outgoing photon scattering angle in the

rest frame of the nucleon target. This angle θ is defined with
respect to the direction of the incoming photon (i.e. θ is the
angle that the outgoing photon makes with the −z axis in
the nucleon rest frame). The angle θ satisfies

tan θ ¼ −
2Msð1þ ξÞαjp⃗t −

Δ⃗t
2
j

−α2ð1þ ξÞ2s2 þ ðp⃗t −
Δ⃗t
2
Þ2M2

: ðB1Þ

From the relation α ¼ M2
γρ=ð−u0Þ [see Eq. (2.17)], one

can express tan θ as a function of −u0. To solve for θ in
Eq. (B1), one should take

θ ¼ arctanðtan θÞ; for tan θ > 0; ðB2Þ

θ ¼ π þ arctanðtan θÞ; for tan θ < 0; ðB3Þ

since θ is positive. Setting Δ⃗t ¼ 0, Eq. (B1) simplifies to

tan θ ¼ −
2Msð1þ ξÞαjp⃗tj

−α2ð1þ ξÞ2s2 þ p⃗2
t M2

; ðB4Þ

and using the definition of the kinematical variables in
Sec. II, one can obtain α in terms of θ,

α ¼
ð1þ ξþ τ̃Þτ̃ tan2 θ þ a

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 θ

p �
ð1þ ξþ τ̃Þ2 tan2 θ þ 2a

;

for tan θ > 0; ðB5Þ

α ¼
ð1þ ξþ τ̃Þτ̃ tan2 θ þ a

�
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 θ

p �
ð1þ ξþ τ̃Þ2 tan2 θ þ 2a

;

for tan θ < 0; ðB6Þ

where

a ¼ 4M2
γρ

s
; τ̃ ¼ 2ξ

1þ ξ

M2
γρ

s
¼ τ

M2
γρ

s
: ðB7Þ

This thus allows us to obtain ð−u0Þ as a function of θ using
−u0 ¼ αM2

γρ; see Eq. (2.17). Writing

tan θ ¼ fð−u0Þ; ðB8Þ

the angular distribution can be obtained from the fully
differential cross section through

1

σ

dσ
dθ

¼ 1

σ

dσ
dð−u0Þ

1þ f2ð−u0½θ�Þ
f0ð−u0½θ�Þ : ðB9Þ

The obtained angular distribution in the chiral-even case
is shown in Figs. 41, 42, 43 and 44 for ρ0p; ρ0n; ρþp and ρ−n
respectively. Similarly, the obtained angular distribution in
the chiral-odd case is shown in Figs. 45, 46, 47 and 48 for
ρ0p; ρ0n; ρþp and ρ−n respectively. Each figure has three plots,
corresponding to three different values of SγN , namely
10; 15; 20 GeV2. Finally, in each plot, two or three different
curves are shown, which correspond to different M2

γρ. The
asymptotic DAs with the standard GPD scenario are used to
generate the plots.
In the chiral-even case, the obtained angular distribution

increases with θ for ρ0p and ρ0n, while in the chiral-odd case,
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FIG. 41. Angular distribution in the chiral-even case for γρ0p photoproduction. Upper left: SγN¼10GeV2, for M2
γρ0p

¼3GeV2

(solid blue) and M2
γρ0p

¼ 4 GeV2 (dotted red). Upper right: SγN ¼ 15 GeV2, for M2
γρ0p

¼ 3.5 GeV2 (solid blue), M2
γρ0p

¼ 5 GeV2

(dotted red) and M2
γρ0p

¼ 6.5 GeV2 (dashed green). Bottom: SγN ¼ 20 GeV2, for M2
γρ0p

¼ 4 GeV2 (solid blue), M2
γρ0p

¼ 6 GeV2 (dotted

red) and M2
γρ0p

¼ 8 GeV2 (dashed green).
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FIG. 42. Angular distribution in the chiral-even case for γρ0n photoproduction. Upper left: SγN¼10GeV2, for M2
γρ0n

¼3GeV2

(solid blue) and M2
γρ0n

¼ 4 GeV2 (dotted red). Upper right: SγN ¼ 15 GeV2, for M2
γρ0n

¼ 3.5 GeV2 (solid blue), M2
γρ0n

¼ 5 GeV2

(dotted red) and M2
γρ0n

¼ 6.5 GeV2 (dashed green). Bottom: SγN ¼ 20 GeV2, for M2
γρ0n

¼ 4 GeV2 (solid blue), M2
γρ0n

¼ 6 GeV2 (dotted

red) and M2
γρ0n

¼ 8 GeV2 (dashed green).
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FIG. 43. Angular distribution in the chiral-even case for γρþp photoproduction. Upper left: SγN¼10GeV2, for M2
γρþp

¼3GeV2

(solid blue) and M2
γρþp

¼ 4 GeV2 (dotted red). Upper right: SγN ¼ 15 GeV2, for M2
γρþp

¼ 3.5 GeV2 (solid blue), M2
γρþp

¼ 5 GeV2

(dotted red) andM2
γρþp

¼ 6.5 GeV2 (dashed green). Bottom: SγN ¼ 20 GeV2, forM2
γρþp

¼ 4 GeV2 (solid blue),M2
γρþp

¼ 6 GeV2 (dotted

red) and M2
γρþp

¼ 8 GeV2 (dashed green).
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FIG. 44. Angular distribution in the chiral-even case for γρ−n photoproduction. Upper left: SγN¼10GeV2, for M2
γρ−n ¼3GeV2

(solid blue) and M2
γρ−n ¼ 4 GeV2 (dotted red). Upper right: SγN ¼ 15 GeV2, for M2

γρ−n ¼ 3.5 GeV2 (solid blue), M2
γρ−n ¼ 5 GeV2

(dotted red) and M2
γρ−n ¼ 6.5 GeV2 (dashed green). Bottom: SγN ¼ 20 GeV2, for M2

γρ−n ¼ 4 GeV2 (solid blue), M2
γρ−n ¼ 6 GeV2 (dotted

red) and M2
γρ−n ¼ 8 GeV2 (dashed green).
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FIG. 45. Angular distribution in the chiral-odd case for γρ0p photoproduction. Upper left: SγN¼10GeV2, for M2
γρ0p

¼3GeV2

(solid blue) and M2
γρ0p

¼ 4 GeV2 (dotted red). Upper right: SγN ¼ 15 GeV2, for M2
γρ0p

¼ 3.5 GeV2 (solid blue), M2
γρ0p

¼ 5 GeV2

(dotted red) and M2
γρ0p

¼ 6.5 GeV2 (dashed green). Bottom: SγN ¼ 20 GeV2, for M2
γρ0p

¼ 4 GeV2 (solid blue), M2
γρ0p

¼ 6 GeV2 (dotted

red) and M2
γρ0p

¼ 8 GeV2 (dashed green).
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FIG. 46. Angular distribution in the chiral-odd case for γρ0n photoproduction. Upper left: SγN¼10GeV2, for M2
γρ0n

¼3GeV2

(solid blue) and M2
γρ0n

¼ 4 GeV2 (dotted red). Upper right: SγN ¼ 15 GeV2, for M2
γρ0n

¼ 3.5 GeV2 (solid blue), M2
γρ0n

¼ 5 GeV2

(dotted red) and M2
γρ0n

¼ 6.5 GeV2 (dashed green). Bottom: SγN ¼ 20 GeV2, for M2
γρ0n

¼ 4 GeV2 (solid blue), M2
γρ0n

¼ 6 GeV2 (dotted

red) and M2
γρ0n

¼ 8 GeV2 (dashed green).
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FIG. 47. Angular distribution in the chiral-odd case for γρþp photoproduction. Upper left: SγN¼10GeV2, for M2
γρþp

¼3GeV2

(solid blue) and M2
γρþp

¼ 4 GeV2 (dotted red). Upper right: SγN ¼ 15 GeV2, for M2
γρþp

¼ 3.5 GeV2 (solid blue), M2
γρþp

¼ 5 GeV2

(dotted red) andM2
γρþp

¼ 6.5 GeV2 (dashed green). Bottom: SγN ¼ 20 GeV2, forM2
γρþp

¼ 4 GeV2 (solid blue),M2
γρþp

¼ 6 GeV2 (dotted

red) and M2
γρþp

¼ 8 GeV2 (dashed green).
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FIG. 48. Angular distribution in the chiral-odd case for γρ−n photoproduction. Upper left: SγN¼10GeV2, for M2
γρ−n ¼3GeV2

(solid blue) and M2
γρ−n ¼ 4 GeV2 (dotted red). Upper right: SγN ¼ 15 GeV2, for M2

γρ−n ¼ 3.5 GeV2 (solid blue), M2
γρ−n ¼ 5 GeV2

(dotted red) and M2
γρ−n ¼ 6.5 GeV2 (dashed green). Bottom: SγN ¼ 20 GeV2, for M2

γρ−n ¼ 4 GeV2 (solid blue), M2
γρ−n ¼ 6 GeV2 (dotted

red) and M2
γρ−n ¼ 8 GeV2 (dashed green).
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it decreases with θ for all of ρ0p; ρ0n; ρþp ; ρ−n . In all cases, the
distributions are dominated by moderate values of θ. In
practice, at JLab Hall B, the outgoing photon could be
detected with an angle between 5° and 35° from the
incoming beam. Therefore, we find that relatively few
events will be lost at JLab due to the angular cut on the
outgoing photon.

2. Single-differential cross section

In this subsection, we show the effect of choosing
different angular cuts on the single-differential cross
section, as a function of M2

γρ. For the chiral-even case,
this is shown in Figs. 49, 50, 51 and 52 for ρ0p; ρ0n; ρþp and
ρ−n respectively, while for the chiral-odd case, this is shown
in Figs. 53, 54, 55 and 56 for ρ0p; ρ0n; ρþp and ρ−n respectively.

Each figure consists of three plots, which correspond to
three different values of SγN , namely 10,15 and 20 GeV2.
Each plot consists of seven curves, which correspond to six
different angular cuts of 10°; 15°; 20°; 25°; 30°; 35°, and one
with no angular cuts. The asymptotic DAs with the standard
GPD scenario are used to generate the plots.
From the figures, we find that the angular cuts mainly

affect the low SγN domain. For the specific case of the JLab
35° upper cut (dashed-blue), the effect is negligible for both
the chiral-even and chiral-odd cases.
Moreover, we note that by using cuts on θ, it is possible

to significantly reduce the contribution of the chiral-even
contribution, in particular in the high-SγN region, while
moderately reducing the chiral-odd contribution. Putting
additional cuts on M2

γρ, like M2
γρ > 6 GeV2, would allow

for an increase in the ratio of odd cross section to even
cross section.

FIG. 49. The chiral-even single-differential cross section as a function of M2
γρ for γρ0p photoproduction. Solid red: no angular cut.

Other curves show the effect of an upper angular cut θ for the outgoing γ: 35° (dashed blue), 30° (dotted green), 25° (dashed-dotted
brown), 20° (long-dashed magenta), 15° (short-dashed purple) and 10° (dotted black). Upper left: SγN ¼ 10 GeV2. Upper right:
SγN ¼ 15 GeV2. Bottom: SγN ¼ 20 GeV2.
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FIG. 50. The chiral-even single-differential cross section as a function ofM2
γρ for γρ0n photoproduction. Solid red: no angular cut. Other

curves show the effect of an upper angular cut θ for the outgoing γ: 35° (dashed blue), 30° (dotted green), 25° (dashed-dotted brown), 20°
(long-dashed magenta), 15° (short-dashed purple) and 10° (dotted black). Upper left: SγN ¼ 10 GeV2. Upper right: SγN ¼ 15 GeV2.
Bottom: SγN ¼ 20 GeV2.
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FIG. 51. The chiral-even single-differential cross section as a function of M2
γρ for γρþp photoproduction. Solid red: no angular cut.

Other curves show the effect of an upper angular cut θ for the outgoing γ: 35° (dashed blue), 30° (dotted green), 25° (dashed-dotted
brown), 20° (long-dashed magenta), 15° (short-dashed purple) and 10° (dotted black). Upper left: SγN ¼ 10 GeV2. Upper right:
SγN ¼ 15 GeV2. Bottom: SγN ¼ 20 GeV2.
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FIG. 52. The chiral-even single-differential cross section as a function of M2
γρ for γρ−n photoproduction. Solid red: no angular cut.

Other curves show the effect of an upper angular cut θ for the outgoing γ: 35° (dashed blue), 30° (dotted green), 25° (dashed-dotted
brown), 20° (long-dashed magenta), 15° (short-dashed purple) and 10° (dotted black). Upper left: SγN ¼ 10 GeV2. Upper right:
SγN ¼ 15 GeV2. Bottom: SγN ¼ 20 GeV2.
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FIG. 53. The chiral-odd single-differential cross section as a function ofM2
γρ for γρ0p photoproduction. Solid red: no angular cut. Other

curves show the effect of an upper angular cut θ for the outgoing γ: 35° (dashed blue), 30° (dotted green), 25° (dashed-dotted brown), 20°
(long-dashed magenta), 15° (short-dashed purple) and 10° (dotted black). Upper left: SγN ¼ 10 GeV2. Upper right: SγN ¼ 15 GeV2.
Bottom: SγN ¼ 20 GeV2.
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FIG. 54. The chiral-odd single-differential cross section as a function ofM2
γρ for γρ0n photoproduction. Solid red: no angular cut. Other

curves show the effect of an upper angular cut θ for the outgoing γ: 35° (dashed blue), 30° (dotted green), 25° (dashed-dotted brown), 20°
(long-dashed magenta), 15° (short-dashed purple) and 10° (dotted black). Upper left: SγN ¼ 10 GeV2. Upper right: SγN ¼ 15 GeV2.
Bottom: SγN ¼ 20 GeV2.
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FIG. 55. The chiral-odd single-differential cross section as a function ofM2
γρ for γρþp photoproduction. Solid red: no angular cut. Other

curves show the effect of an upper angular cut θ for the outgoing γ: 35° (dashed blue), 30° (dotted green), 25° (dashed-dotted brown), 20°
(long-dashed magenta), 15° (short-dashed purple) and 10° (dotted black). Upper left: SγN ¼ 10 GeV2. Upper right: SγN ¼ 15 GeV2.
Bottom: SγN ¼ 20 GeV2.
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APPENDIX C: VANISHING OF THE CIRCULAR ASYMMETRY IN THE CHIRAL-EVEN CASE

In this appendix, we discuss the vanishing of the circular asymmetry for the chiral-even case. For the circularly polarized
amplitudes, the analogues of Eqs. (4.74) and (4.75) are given by

X
λk

jMþj2 ¼
1

2

h
2jCAj2 þ jp⃗tj4jCBj2 þ

s2

4
jp⃗tj4jCA5

j2 þ s2

4
jp⃗tj4jCB5

j2 − 2jp⃗tj2ReðC�
ACBÞ

þ sjp⃗tj2ImðCAðC�
A5

þ C�
B5
Þ þ jp⃗tj2CA5

C�
BÞ
i
; ðC1Þ

X
λk

jM−j2 ¼
1

2

h
2jCAj2 þ jp⃗tj4jCBj2 þ

s2

4
jp⃗tj4jCA5

j2 þ s2

4
jp⃗tj4jCB5

j2 − 2jp⃗tj2ReðC�
ACBÞ

− sjp⃗tj2ImðCAðC�
A5

þ C�
B5
Þ þ jp⃗tj2CA5

C�
BÞ
i
: ðC2Þ

So,

X
λk

jMþj2 −
X
λk

jM−j2 ¼ sjp⃗tj2ImðCAðC�
A5

þ C�
B5
Þ þ jp⃗tj2CA5

C�
BÞ: ðC3Þ

FIG. 56. The chiral-odd single-differential cross section as a function ofM2
γρ for γρ−n photoproduction. Solid red: no angular cut. Other

curves show the effect of an upper angular cut θ for the outgoing γ: 35° (dashed blue), 30° (dotted green), 25° (dashed-dotted brown), 20°
(long-dashed magenta), 15° (short-dashed purple) and 10° (dotted black). Upper left: SγN ¼ 10 GeV2. Upper right: SγN ¼ 15 GeV2.
Bottom: SγN ¼ 20 GeV2.
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An interesting feature of the circular asymmetry is that it only contains terms that mix vector GPD and axial GPD
contributions (A and B, with A5 and B5). Thus, when averaging over the target helicity, it can be shown that all terms on the
rhs of Eq. (C3) vanish. Indeed, using Eqs. (4.70) to (4.73), we obtain, after averaging and summing over the target helicities,

1

2

X
λ1;λ2

�X
λk

jMþj2 −
X
λk

jM−j2
�

¼ jp⃗tj2
ðn · pÞ ½HρAðH̃�

ρA5
þ H̃�

ρB5
Þ þ jp⃗tj2H̃ρA5

H�
ρB�tr½=p2=nγ5=p1=n� ¼ 0: ðC4Þ

This shows that for an unpolarized target, the circular
asymmetry is identically zero. From a more physical point
of view, the vanishing of the circular asymmetry is a
consequence of parity invariance of QED and QCD. In
particular, from Ref. [28], one deduces that the amplitude
for our process, Mλ2λk;λ1λq , has to obey the relation

Mλ2λk;λ1λq ¼ ηð−1Þλ1−λq−ðλ2−λkÞM−λ2−λk;−λ1−λq ; ðC5Þ

where η represents a phase factor related to intrinsic spin.
From this, we can deduce that

X
λi;i≠q

jMλ2λk;λ1þj2 ¼
X
λi;i≠q

jMλ2λk;λ1−j2; ðC6Þ

which implies that the circular asymmetry vanishes iden-
tically for an unpolarized target.
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