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Foreword
Nucleon in QCD: sophisticated dynamical system
−Relativistic Quantum Mechanical systems, grand canonical ensemble
−Strongly interacting: chiral symmetry breaking, dynamical masses and interaction

vertices ...
Theoretical description:
−Challenging for strongly coupled systems, effective models ...

Phenomenological studies:
−Based on factorization (separation of amplitude or

cross-section) onto hadron- and process-dependent
parts

−Require high energies, invariant masses:
⇒Avoid soft final-state interactions
⇒Suppress contributions of multiparton states (higher

twist)

.
H

γ

p p

H

γ

p p

−Light-cone description (quantization), effectively P → ∞ frame



(Generalized) partonic distributions: theoretical aspects
−Classification standardized since ∼2010 [PDG 2022, Sec 18.6]
− Leading twist-2 (dominant in many processes):∫
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∗GPDs are different for each flavour, depend on 4 variables:
x , ξ, t, µ2

∗∗Dependence on µ2 ⇒DGLAP
∗∗Dependence on x , ξ ⇒positivity, polynomiality constraints
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⇒Challenge for modelling (“dimensionality curse”)

∗For gluons use operators G+αG+
α, G

+αG̃+
α, SG+iG+j in left-hand side

Might be reinterpreted in helicity basis, as Lorentz invariant decomposition of
hadron-parton amplitude



Why do GPDs matter ?
Many physical observables are constructed from bilinear partonic operators:
−Energy-momentum tensor (≈enegry density, distribution of forces, ...):

Tµν = −FµαF να +
1
4
ηµνFαβF

αβ +
1
2
ψ̄γ{µiDν}ψ+ηµν ψ̄

(
i D̂ −m

)
ψ

−Angular momentum density:

Mµνρ =
1
2
εµνρσψ̄γσγ5ψ +

1
2
ψ̄γµx [ν iDν]ψ

− 2Tr
[
Fµαx [νF ρ]α

]
− x [νgρ]µLQCD

−Baryonic/electromagentic currents:

Jµbaryonic = ψ̄γµψ, Jµem = ψ̄γµQ̂ψ

⇒ Moments of GPDs contain information about contribution of
each parton flavour to local energy/charge density, distribution of
forces/pressure, etc. Effectively “3D tomography” of the hadron.

.



What do we know about GPDs in 2023?
−Experimental constraints on GPDs:

∗Special limits (PDF, form factors)

∗2 → 2 processes (DVCS, DVMP, TCS, WACS, ...) [Monday talk of Stepanyan]
∗∗Amplitude is a convolution of GPD with

process-dependent coef. function:
A =

∫
dx C (x , ξ)H (x , ξ, ...)

∗∗Predominantly sensitive to GPDs at
x = ±ξ boundary

∗∗Deconvolution seems impossible (espe-
cially when NLO effects in C are taken
into account)

⇓

.

Extraction of GPDs inevitably relies on modelling (and need multichannel analysis
to constrain them better)
Current situation:
−For quark sector there is some qualitative understanding, phenomenological

parametrizations (GK, KM, ...)



What do we know about gluon GPDs ?

−For gluon GPDs uncertanties are much larger:
∗Don’t interact directly with leptons.

∗Show up only via higher order (NLO) corrections in many observables

∗6 of 8 GPDs are unknown, yet contribute to physical observables, e.g.:

Jg =
1
2

∫ 1

0
dx x (Hg (x , ξ) + Eg (x , ξ))

Best constraints from exclusive quarkonia
production:
∗No sizeable “intrinsic” charm, bottom GPDs

∗Light quark GPDs only via NLO, strongly
suppressed

.
J/ψ

γ∗

∗As for DVMP, coef. function sensitive to GPDs on x = ±ξ line.



New tool for tomography: 2 → 3 processes
Process:

γ(∗) + p → h1 + h2 + p

States h1, h2 are light hadrons or photons, many possibilities studied in the literature:
−γπ, γρ [2212.00655, 2212.01034, JHEP 11 (2018) 179; 02 (2017) 054]
γγ [JHEP 08 (2022) 103; PRD 101, 114027; 96, 074008]
γγ∗ → γℓ̄ℓ [Phys. Rev. D 103 (2021) 114002]
πρ [Phys.Lett.B 688 (2010) 154-167]

Main benefit:
−Can vary independently kinematics of h1, h2 to probe GPDs at x ̸= ξ
Cost:
−Cross-section significantly smaller than for 2 → 2 processes, requires high luminosity

Our suggestion:
−Exclusive photoproduction of quarkonia pairs:

γ(∗) + p → M1 +M2 + p

∗Focus on quarkonia with opposite C -parity (e.g. J/ψ ηc), largest cross-section
∗Predominantly sensitive to gluon GPDs Hg , Eg , no direct (LO) contributions from
light quarks



Kinematics choice: Electron Ion Collider
Typical values of variables ξ, xB

xB ≈ Q2 +M2
12

Q2 +W 2 , ξ =
xB

2 − xB
.

�Accessible kinematics (xB ,Q
2) depends on

choice of electron-proton energy Ee ,Ep

� Dominant: Q2 ≈ 0, xB , ξ ∈
(
10−4, 1

)

.

� Low-energy EIC runs to avoid xB , ξ ≪ 1 region (large NLO, saturation)

�
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∗Dashed lines: contours ξ = const; Ep is the proton energy
∗y1, y2 are quarkonia rapidities in lab frame (positive in direction of electron)



Comment on kinematics
.�Conventional choice: fixed Q2, xB (same as fixed invariant energy W of γ∗p)

dσep→eM1M2p

d ln xBdQ2 dΩh
=

αem

πQ2

[
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dσ
(L)
γp→M1M2p

dΩh
+

(
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2

)
dσ

(T )
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dΩh

]
,

�Not very convenient: quarkonia kinematical variables y1, p⊥1, y2, p⊥2 are bound
by energy-momentum conservation, onshellness of recoil proton, only certain
domains (bands) are allowed:. .



Comment on kinematics (II)
.�Our choice: work with Q2, y1, p1⊥, y2, p2⊥; fix invariant energy W of γ∗p (and

corresponding xB) from energy-mometum conservation
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d σ̄
(L,T )
γp→M1M2p

=
dy1dp

2
1⊥dy2dp

2
2⊥dϕ12

∣∣∣A(L,T )
γp→M1M2p

∣∣∣2
4 (2π)4

√
(W 2

0 + Q2 −m2
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�No kinematic constraints on y1, p1⊥, y2, p2⊥
�Keep explicit symmetry of kinematic variables w.r.t. permutation of quarkonia

1 ↔ 2 (neglect MJ/ψ ̸= Mηc )
� We consider that Q ∼ MJ/ψ ∼ Mηc ∼ Wγp are large scales

− Since M2
12 ≳

(
MJ/ψ +Mηc

)2 ∼ 36 GeV2 and cross-section is suppressed at
large Q as ≲ 1/Q6, “classical” Bjorken limit Q ≫ MJ/ψ,Mηc is difficult to
study experimentally
−Production at central rapidities, rapidity gaps from γ∗, p
−Constraint on relative momentum of quarkonia prel ≳

1 GeV, to exclude possible soft final state interactions

.
S



Evaluations in collinear factorization framework

Evaluation is straightforward, amplitude (squared):∑
spins
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{
Ha, Ea, H̃a, Ẽa

}
=

∫
dx dz1 dz2 Ca (x , z1, z2, y1, y2)

{
Hg , Eg , H̃g , Ẽg

}
Φη (z1)ΦJ/ψ (z2) ,

� Disregard transversity gluon GPDs (not known, should be small)
� Disregard internal motion of quarks, formally O (αs(mQ)) ≪ 1

Φη (z) ∼ ΦJ/ψ (z) ∼ δ

(
z − 1

2

)
Evaluation of coefficient function:

.
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Summation over all possible gluon at-
tachments is implied

−Two production mechanisms for J/ψ ηc
−Virtuality of (black colored) gluon is ∼
M2

12/4 in the left diag., ∼ M2
1/4, M2

2/4
in the right, so use of perturbative
treatment is justified.



Results for coefficient function{
Ha, Ea, H̃a, Ẽa

}
∼

∫
dx Ca
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,

� Structure function Ca(x):
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∼
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Pℓ (x)∏nℓ
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x − x

(ℓ)
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where Pℓ (x) are finite for |x | < 1

− Each term might have up to 3 poles x
(ℓ)
k in

the integration region |x | < 1
− Position of poles depends on kinematics

(y1, y2, Q
2/m2

Q)
− Poles do NOT overlap for mQ ̸= 0, so inte-

grals exist in Principal Value sense

. . .

�Density plot of coefficient function. Regions near poles (white lines) give the
dominant contribution in convolution



Results for coefficient function
.

Compare DVCS, DVMP: dominant contribution
from |xk | = ξ.

Density plot of coefficient func-
tion. Regions near poles (white
lines) give the dominant contri-
bution in convolution
�Location of poles for Q = 0,
y1 = y2 :

|xk | =
{
ξ
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3
1

1 + ξ
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,
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2
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,

ξ
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,

ξ, 3ξ
(

1 +
1
6

1
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)}
�In general expression for Ca

(
x , 1

2 ,
1
2 , y1, y2

)
is lengthy, deconvolution is impos-

sible
−Coeff. function sensitive to behaviour of GPDs outside “classical” |x | ≈ ξ line,

might be used to test/constrain existing phenomenological models of gluon
GPDs



Results for Q2-dependence

�Use Kroll-Goloskokov GPD for gluons

�In ep → ep ηc J/ψ cross-section there
is ∼ 1/Q2 from leptonic part, so
consider instead cross-section of the
γ∗p → p ηc J/ψ subprocess:

EIC
Ep=41 GeV

γp→J /ψ ηc p

pJ/ψ=pηc=1 GeV, ϕ=π
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EIC

γp→J /ψ ηc p
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�The Q2-dependence is controlled by

M12 =

√(
pJ/ψ + pηc

)2
≳

(
MJ/ψ +Mηc

)
−very mild dependence for Q2 ≲ M2

12
− dσ ∼ 1/Q6 for Q2 ≫ M2

12



Results for pT , ϕ-dependence
.

EIC
γp→J /ψ ηc p
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−The observed dependence largely reflects

dependence of GPD on invariant mo-
mentum transfer

t = ∆2 = −
4ξ2m2

N +
(
p⊥

1 + p⊥
2
)2

1 − ξ2 =

− 4ξ2m2
N + p2

1⊥ + p2
2⊥ + 2p1⊥p2⊥ cosϕ

1 − ξ2

−Implemented in KG: Hg (x , ξ, t) ∼ eBt

−“Residual” dependence on pT at ϕ = π

and p1⊥ = p2⊥ is due to “kinemati-
cal higher twists” (via M1⊥,M2⊥, M12

which depend on p⊥). If disregard these
“kinematical higher twists”, the depen-
dence is flat.

−For p1⊥ = p2⊥ = p⊥ ≳ Q,MJ/ψ(wide
angle kinematics) even for ϕ = π expect
that pT dependence ∼ 1/p6

T , akin to Q-
dependence for Q ≫ MJ/ψ



Results for rapidity dependence

�

EIC
γp→J /ψ ηc p
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−For y1 = y2 increase of rapidity im-
plies:
∗Larger invariant energy W
∗Smaller xB , ξ
∗Larger cross-section due to growth
of Hg (x , ξ, t) at small x
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−For y1 = −y2 increase of rapidity im-
plies:
∗Larger longitudinal recoil to proton ∆L
∗Larger values of |tmin|, |t| =

∣∣∆2
∣∣

∗Suppression of cross-section due to ∼
eBt behaviour of Hg (x , ξ, t)



Results for invariant mass dependence

γp→J /ψ ηc p Wa=90 GeV

Wa=60 GeV

Wa=30 GeV
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−Pronounced peak at M12 ≈ 7 GeV
∗∗Small relative momentum of quarkonia, prel ≲ 2 − 3 GeV



Summary

Exclusive production of heavy quarkonia pairs might be used as a new probe of the
gluon GPDs:

�− Unpolarized cross-section gets dominant contribution from GPD Hg , Eg
∗ Sensitive to behaviour outside x = ±ξ line

∗ Can vary independently rapidities of produced quarkonia to extract x , ξ

dependence

− The cross-section is large enough for experimental studies, at least for charmonia
∗ On par with γ(∗)p → γπ0 p, γ(∗)p → γρ0 p suggested by other authors

Thank You for your attention!


