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Introduction

Where do GPDs fit in the picture with other partonic distributions?

GTMD(x , ξ, k⃗T , t)

TMD(x , k⃗T ) GPD(x , ξ, t)

PDF(x)

ξ, t → 0

ξ, t → 0

∫
d 2k⃗T

∫
d 2k⃗T

1D

3D

5D

Access to the transverse plane as well: 3D-imaging of the hadron
PDF: Parton Distribution function TMD: Transverse Momentum Dependent function

GTMD: Generalized TMD GPD: Generalized Parton Distributions
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Introduction

Hard and Exclusive dijet electroproduction

e (l) p (p) −→ e (l ′) q (pq) q̄ (pq̄) p (p′)

q(pq)

q̄(pq̄)

e(l)

e(l′)

g(x+ ξ) g(x− ξ)

p(p) p(p′)

Fg(x, ξ,∆
2)

γ∗(q)

“Diffractive” limit:
» target proton almost intact after the hard hit.

Sensitive probe of GPDs in the
nucleon.
Dijet production at high photon
virtuality (Q2) is one of the simplest
avenues in which the QCD collinear
factorization can be established.
In the deep–inelastic regime
W 2, Q2 ≫ m2

p ; where W 2 is the the
γ∗p center-of-mass energy squared
and mp is mass of the target proton.

F g,q
(

x , ξ, ∆2
)

=
1

2(P · n−)

[
Hg,q(x , ξ, ∆2)ū(p′)/n−u(p)

+ E g,q(x , ξ, ∆2)ū(p′)
iσαβn−α∆β

2mN
u(p)

]
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Theoretical formalism

Dijet electroproduction cross section

—summed over the helicities of the partons and the color degrees of freedom of the final
state qq̄ pair [1]

dσ(ep → e′jjp)
dy dQ2dϕdp⃗ 2

⊥ d∆⃗2
⊥dz

= α2
s α2

eme2
f

16π2Nc(1 − ξ2)Q2y

× 1
(p⃗ 2

⊥ + m2
f + z(1 − z)Q2)4

[
1 + (1 − y)2

2 ΩT + (1 − y)ΩL

− (2 − y)
√

1 − y cos ϕ ΩLT − 2(1 − y) cos 2ϕ ΩTT

]
, with

ΩT = m2
f |Ig

L |2 + p⃗ 2
⊥

(
|(1 − z)Ig

T + 2CF Iq1
T |2 + |zIg

T − 2CF Iq2
T |2

)
,

ΩL = 4z2(1 − z)2Q2 |Ig
L + 2CF Iq

L |2,

ΩLT = 2z(1 − z)Q |⃗p⊥| ℜe
[
(Ig

L + 2CF Iq
L ) ((1 − 2z)Ig

T + 2CF (Iq1
T + Iq2

T ))∗]
,

ΩTT = p⃗ 2
⊥ ℜe

[
((1 − z)Ig

T + 2CF Iq1
T ) (zIg

T − 2CF Iq2
T )∗]

.
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Theoretical formalism

Parton FF integrals in the amplitude expressed over momentum fraction
−1 ≤ x ≤ 1

Ig
L =

∫ 1

−1

dxF g
(

x , ξ, ∆2
)(

2ξβ̄

(x + ξ − iϵ)2 +
2ξβ̄

(x − ξ + iϵ)2 −
2ξ(1 − 2β)

(x + ξ − iϵ) (x − ξ + iϵ)

)
,

Ig
T =

∫ 1

−1

dxF g
(

x , ξ, ∆2
)(

ξ (1 − 2β)
(x + ξ − iϵ)2 +

ξ (1 − 2β)
(x − ξ + iϵ)2 +

4ξβ

(x + ξ − iϵ) (x − ξ + iϵ)

)

Iq
L =

∫ 1

−1

dxF q
(

x , ξ, ∆2
)(

2ξz̄
(x + ξ − iϵ)

+
2ξz

(x − ξ + iϵ)

)
,

Iq1
T =

∫ 1

−1

dxF q
(

x , ξ, ∆2
)(

2ξzz̄
(x − ξ + iϵ)

−
2ξβz̄2

β̄ (x + ξ − iϵ)
+

2ξz̄2

β̄ (x − ξ (1 − 2β) − iϵ)

)
Iq2

T =

∫ 1

−1

dxF q
(

x , ξ, ∆2
)(

2ξβz2

β̄ (x − ξ + iϵ)
−

2ξzz̄
(x + ξ − iϵ)

−
2ξz2

β̄ (x + ξ (1 − 2β) + iϵ)

)
where F g,q

(
x , ξ, ∆2

)
are the gluon and quark GPDs parameterizing the hadronic input. These

expressions allow us to decompose the amplitude into analogues of the “Compton form factors". 5 / 15



Theoretical formalism

Modeling the GPDs

We use the Double Distribution (DD) Approach, wherein the GPDs can be
expressed as the inverse Radon transformation of the DD g i (

β, α = x−β
ξ

, ∆2) as,

H i (
x , ξ, ∆2) =

∫ 1

−1
dβ

1
ξ

g i
(

β,
x − β

ξ
, ∆2

)
Ξ (β|x , ξ) ,

where i ∈ {gluon, sea, valence} and the function Ξ (β|x , ξ) divides the β–region
into the so–called DGLAP and ERBL support region of the GPD as,

Ξ (β|x , ξ) = θ (x < −ξ) θ

(
x + ξ

1 − ξ
> β >

x − ξ

1 + ξ

)
+ θ (−ξ < x < ξ) θ

(
x + ξ

1 + ξ
> β >

x − ξ

1 + ξ

)
+ θ (x > ξ) θ

(
x + ξ

1 + ξ
> β >

x − ξ

1 − ξ

)
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Theoretical formalism

Modeling the GPDs

To model the DDs, we use the Radyushkin Ansatz with a factorized
∆2-dependence [2, 3, 4]

g i (β, α) = fi (β) Γ(2ni + 2)
22ni +1 Γ2(ni + 1)

[(1 − |β|)2 − α2]ni

(1 − |β|)2ni +1 Fi (∆2)

where ni = 2 for gluons and sea quarks and ni = 1 for valence quarks.

In the limit ξ, ∆2 → 0, the GPD-H reduces to the spin non-flip parton
densities as H i (

x , ξ = 0, ∆2 = 0
)

= fi (x) which are used for the modeling,

fi (β) =

{ |β| yi (|β|) for i = gluon
yi (|β|) (β) for i = sea

yi (β) Θ (β) for i = valence

where yi are the usual PDFs for which we use the CT18 NLO PDF set from
[5].
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Theoretical formalism

Gluon FF integrals
The two gluon integrals Ig

L and Ig
T are actually composed of two independent

x-integral parts:

f (1)
g [H](ξ, ∆2) = −

∫ 1

−1

dx

[
Hg

(
x, ξ, ∆2

)
− Hg

(
ξ, ξ, ∆2

)
x − ξ

−
Hg

(
x, ξ, ∆2

)
− Hg

(
−ξ, ξ, ∆2

)
x + ξ

]
+

[
Hg

(
−ξ, ξ, ∆2

)
log

∣∣∣ 1 + ξ

1 − ξ

∣∣∣ − Hg
(

ξ, ξ, ∆2
)

log

∣∣∣ 1 − ξ

1 + ξ

∣∣∣]
+ iπ

[
Hg

(
−ξ, ξ, ∆2

)
+ Hg

(
ξ, ξ, ∆2

)]
,

f (2)
g [H](ξ, ∆2) = ξ

∫ 1

−1

dx

[
Hg′

(
x, ξ, ∆2

)
− Hg′

(
−ξ, ξ, ∆2

)
(x + ξ)

+
Hg′

(
x, ξ, ∆2

)
− Hg′

(
ξ, ξ, ∆2

)
(x − ξ)

]
+ ξ

[
Hg′

(
−ξ, ξ, ∆2

)
log

∣∣∣ 1 + ξ

1 − ξ

∣∣∣ + Hg′
(

ξ, ξ, ∆2
)

log

∣∣∣ 1 − ξ

1 + ξ

∣∣∣]
+ iπξ

[
Hg′

(
−ξ, ξ, ∆2

)
− Hg′

(
ξ, ξ, ∆2

)]
, ↪→ contribution from the double poles!

Ig
L =

{
(1 − 2β)f (1)

g [H](ξ, ∆2) + 2(1 − β)f (2)
g [H](ξ, ∆2)

} ū(p′)/n−u(p)
2(P · n−)

,

Ig
T =

{
− 2βf (1)

g [H](ξ, ∆2) + (1 − 2β)f (2)
g [H](ξ, ∆2)

} ū(p′)/n−u(p)
2(P · n−)

.
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Theoretical formalism

Quark FF integrals
The three quark integrals Iq

L and Iq1,q2
T are actually composed of four independent

x-integral parts:

f (1)
q [H]

(
ξ, ∆2

)
= 2ξ

[∫ 1

−1

dx
Hq

(
x, ξ, ∆2

)
− Hq

(
ξ, ξ, ∆2

)
x − ξ

− iπHq
(

ξ, ξ, ∆2
)

+ Hq
(

ξ, ξ, ∆2
)

log

∣∣∣ 1 − ξ

1 + ξ

∣∣∣] ,

f (2)
q [H]

(
ξ, ∆2

)
= 2ξ

[∫ 1

−1

dx
Hq

(
x, ξ, ∆2

)
− Hq

(
−ξ, ξ, ∆2

)
x + ξ

+ iπHq
(

−ξ, ξ, ∆2
)

+ Hq
(

−ξ, ξ, ∆2
)

log

∣∣∣ 1 + ξ

1 − ξ

∣∣∣] ,

f (3)
q [H]

(
ξ, β, ∆2

)
= 2ξ

[∫ 1

−1

dx
Hq

(
x, ξ, ∆2

)
− Hq

(
ξ (1 − 2β) , ξ, ∆2

)
x − ξ(1 − 2β)

+ iπHq
(

ξ (1 − 2β) , ξ, ∆2
)

+ Hq
(

ξ (1 − 2β) , ξ, ∆2
)

log

∣∣∣ 1 − ξ (1 − 2β)
1 + ξ (1 − 2β)

∣∣∣] ,

f (4)
q [H]

(
ξ, β, ∆2

)
= 2ξ

[∫ 1

−1

dx
Hq

(
x, ξ, ∆2

)
− Hq

(
−ξ (1 − 2β) , ξ, ∆2

)
x + ξ(1 − 2β)

− iπHq
(

−ξ (1 − 2β) , ξ, ∆2
)

+ Hq
(

−ξ (1 − 2β) , ξ, ∆2
)

log

∣∣∣ 1 + ξ (1 − 2β)
1 − ξ (1 − 2β)

∣∣∣].
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Theoretical formalism

Quark FF integrals

We then have, that, (neglecting contributions with the GPD E):

Iq
L =

{
zf (1)

q [H](ξ, ∆2) + z̄ f (2)
q [H]

(
ξ, ∆2

) } ū(p′)/n−u(p)
2(P · n−)

,

Iq1
T =

{
zz̄f (1)

q [H](ξ, ∆2) −
βz̄2

β̄
f (2)
q [H](ξ, ∆2) +

z̄2

β̄
f (3)
q [H](ξ, β, ∆2)

} ū(p′)/n−u(p)
2(P · n−)

,

Iq2
T =

{
− zz̄f (2)

q [H](ξ, ∆2) +
βz2

β̄
f (1)
q [H](ξ, ∆2) −

z2

β̄
f (4)
q [H](ξ, β, ∆2)

} ū(p′)/n−u(p)
2(P · n−)

,

We can notice that the last two quark integrals f (3,4)
q [H](ξ, β, ∆2) which contribute

to the transverse integrals Iq1,q2
T are functions of the β parameter which is given

by,

β =
ε2

p⃗ 2
⊥ + ε2 = βDDIS

(
1 +

m2
f

Q2z(1 − z)

)
, ε2 ≡ m2

f + z(1 − z)Q2,

which for mf → 0 coincides with the standard diffractive DIS variable βDDIS.
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Results

Results in an extensive phase space

To explore an extensive phase space in the HERA energy scale
√

s = 319 GeV, we take
4 < Q2 < 104 GeV2, 0 < y < 1, 0.01 < z < 0.99, 1 < p⊥ < 15 GeV and
0 < ∆⊥ < 3 GeV.

4− 3.5− 3− 2.5− 2− 1.5− 1− 0.5− 0

) 
P

(x
10

log

4−10

3−10

2−10

1−10

1

10

210

310

410

) 
(p

b)
P

(x
10

/lo
g

σd

all qgluon - q valence

cgluon - c sea

xP: fraction of momentum of the proton
carried by the color-singlet exchange

At HERA, the main interest was
concentrated on small xP < 0.1
region corresponding to the so-called
“diffractive"regime of processes with
large rapidity gap.
Here, we intentionally extended our
calculation to larger xP wherein we
see that the valence quark
contributions start dominating for
xP ≳ 0.3.

We observe that to explore the valence
quark contribution which was not studied
so far in the literature, one would need to
go to larger xP > 0.1 i.e. beyond the
purely diffractive mechanism.
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Results

Results for ZEUS kinematics

We calculated the differential cross sections in the ZEUS kinematical region by imposing
appropriate cuts:

0 0.2 0.4 0.6 0.8 1

β

4−10

3−10

2−10

1−10

1

10

210

310

  (
pb

)
β

/dσd

all qgluon - q valence

cgluon - c sea ZEUS data 

Note that the small β ≲ 0.3 region
corresponds to large invariant masses
M of the diffractive system where the
contribution from qq̄g (gluon
radiation) dominates.
The distributions in β are somewhat
irregular, and it would be good to
measure them experimentally possibly
at the future Electron-Ion Collider
(EIC) at BNL and perhaps also at the
future FCCeh at CERN.

Our obtained theoretical results show reasonable agreement with the data in the
region of the diffractive DIS parameter β ≳ 0.4.
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Conclusions

Concluding remarks

The main takeaways :)

The aim of our work has been to first explore the role of different
parton components in different regions of the phase space and then
to impose ZEUS kinematical cuts to draw a comparison.
Special attention has been devoted to the valence quark contribution
which was not studied so far in the literature.
We discovered that to explore this contribution one would need to go
to larger xP > 0.1 i.e. beyond the purely diffractive mechanism
perhaps at the future EIC or FCCeh.
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Introduction

Hard and Exclusive dijet electroproduction

e (l) p (p) −→ e (l ′) q (pq) q̄ (pq̄) p (p′)
Sensitive probe of GPDs in the nucleon
Dijet production at high photon virtuality is one of the simplest
avenues in which the QCD collinear factorization can be established

q(pq)

q̄(pq̄)

e(l)

e(l′)

g(x+ ξ) g(x− ξ)

p(p) p(p′)

Fg(x, ξ,∆
2)

γ∗(q)

F g,q
(

x , ξ, ∆2
)

=
1

2(P · n−)

[
Hg,q(x , ξ, ∆2)ū(p′)/n−u(p) + E g,q(x , ξ, ∆2)ū(p′)

iσαβn−α∆β

2mN
u(p)

]
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Introduction

Motivation

Last-to-last year, in the work by B. Linek, M. Łuszczak, W. Schäfer and
A. Szczurek, “Probing gluon GTMDs of the proton in deep inelastic diffractive dijet
production at HERA,” Phys. Rev. D 110 (2024) no.5, 054027 [1]

This was only considering gluon exchanges in the diffractive dijet production

It was found that the xP-distribution of the cross-section of this diffractive dijet
production did not correspond to the HERA data, especially in the xP > 0.01 region.
So, this motivated the inclusion of the qq̄ exchanges which are expected to
dominate in the region xP > 0.01.
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Theoretical formalism

Amplitude of the process

The amplitude in the deep inelastic cross section for our process can be expressed
in terms of the amplitude of the virtual photon-proton γ∗p scattering subprocess
in both the longitudinal and transverse photon polarizations [2]:

Aγ∗L = −
4π

Nc
αs

√
4παemeqδij

z(1 − z)QW[
p⃗ 2

⊥ + ε2
]2 ū(pq)/n+v(pq̄)

(
Ig

L + 2CF Iq
L

)
,

Aγ∗T = −
2π

Nc
αs

√
4παemeqδij

W[
p⃗ 2

⊥ + ε2
]2

{
− ū(pq)

(
m/e⊥

)
/n+v(pq̄)Ig

L

+ ū(pq)/p⊥/e⊥/n+v(pq̄)
(

(1 − z)Ig
T + 2CF Iq1

T

)
+ ū(pq)/e⊥/p⊥/n+v(pq̄)

(
−zIg

T + 2CF Iq2
T

) }
.

where αem is the electromagnetic and αs is the strong coupling, eq is the fractional quark charge,
u(pq) and v(pq̄) denote the quark and antiquark spinors, δij is for the color indices of the outgoing
quarks, and we have used the QCD color factor CF = (N2

c − 1)/(2Nc ) and the invariant centre of
mass energy of the γ∗p subprocess is W 2 = (q + p)2 ≈ 2q · p − Q2. 5 / 22



Theoretical formalism

Cross section of the process

pq

pq̄

x+ ξ x− ξ

p p′
Hg(x, ξ,∆

2)

q

pq

pq̄

x+ ξ x− ξ

p p′
Hq(x, ξ,∆

2)

q

Our dijet cross section, summed over the parton helicities and color of the qq̄ pair
in the final state, can be written in the standard form, putting into evidence the
contributions of transversely and longitudinally polarized photons and their
relevant interferences:

dσ(ep → e′jjp)
dy dQ2dϕdp⃗ 2

⊥ d∆⃗2
⊥dz

=
αem

πQ2y

[
1 + (1 − y)2

2
dσT (γ∗p → jjp)

dp⃗ 2
⊥ d∆⃗2

⊥dz

+ (1 − y)
dσL(γ∗p → jjp)

dp⃗ 2
⊥ d∆⃗2

⊥dz
− (2 − y)

√
1 − y cos ϕ

dσLT (γ∗p → jjp)
dp⃗ 2

⊥ d∆⃗2
⊥dz

− 2(1 − y) cos 2ϕ
dσTT (γ∗p → jjp)

dp⃗ 2
⊥ d∆⃗2

⊥dz

]
,
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Theoretical formalism

Cross section of the process

For a given quark jet flavor f we have for i ∈ {T, L, LT, TT}:

dσi (γ∗p → jjp)
dp⃗ 2

⊥ d∆⃗2
⊥dz

= α2
s αeme2

f
16πNc(1 − ξ2)

Ωi

(p⃗ 2
⊥ + m2

f + z(1 − z)Q2)4 ,

with

ΩT = m2
f |Ig

L |2 + p⃗ 2
⊥

(
|(1 − z)Ig

T + 2CF Iq1
T |2 + |zIg

T − 2CF Iq2
T |2

)
,

ΩL = 4z2(1 − z)2Q2 |Ig
L + 2CF Iq

L |2,

and, for the interference pieces

ΩLT = 2z(1 − z)Q |⃗p⊥| ℜe
[
(Ig

L + 2CF Iq
L ) ((1 − 2z)Ig

T + 2CF (Iq1
T + Iq2

T ))∗]
,

ΩTT = p⃗ 2
⊥ ℜe

[
((1 − z)Ig

T + 2CF Iq1
T ) (zIg

T − 2CF Iq2
T )∗]

.

Note: The two integrals Ig
L and Iq

L are from AγL and the three integrals Ig
T , Iq1

T
and Iq2

T are from AγT
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Theoretical formalism

Parton integrals in the amplitude expressed over momentum fraction
−1 ≤ x ≤ 1

Ig
L =

∫ 1

−1

dxF g
(

x , ξ, ∆2
)(

2ξβ̄

(x + ξ − iϵ)2 +
2ξβ̄

(x − ξ + iϵ)2 −
2ξ(1 − 2β)

(x + ξ − iϵ) (x − ξ + iϵ)

)
,

Ig
T =

∫ 1

−1

dxF g
(

x , ξ, ∆2
)(

ξ (1 − 2β)
(x + ξ − iϵ)2 +

ξ (1 − 2β)
(x − ξ + iϵ)2 +

4ξβ

(x + ξ − iϵ) (x − ξ + iϵ)

)

Iq
L =

∫ 1

−1

dxF q
(

x , ξ, ∆2
)(

2ξz̄
(x + ξ − iϵ)

+
2ξz

(x − ξ + iϵ)

)
,

Iq1
T =

∫ 1

−1

dxF q
(

x , ξ, ∆2
)(

2ξzz̄
(x − ξ + iϵ)

−
2ξβz̄2

β̄ (x + ξ − iϵ)
+

2ξz̄2

β̄ (x − ξ (1 − 2β) − iϵ)

)
Iq2

T =

∫ 1

−1

dxF q
(

x , ξ, ∆2
)(

2ξβz2

β̄ (x − ξ + iϵ)
−

2ξzz̄
(x + ξ − iϵ)

−
2ξz2

β̄ (x + ξ (1 − 2β) + iϵ)

)
where F g,q

(
x , ξ, ∆2

)
are the gluon and quark GPDs parameterizing the hadronic input. These

expressions allow us to decompose the amplitude into analogues of the “Compton form factors". 8 / 22



Theoretical formalism

Modeling the GPDs
We use the Double Distribution (DD) Approach, wherein the GPDs can be expressed as
the inverse Radon transformation of the DD g i

(
β, α = x−β

ξ
, ∆2

)
as,

H i
(

x , ξ, ∆2
)

=
∫ 1

−1
dβ

1
ξ

g i
(

β,
x − β

ξ
, ∆2

)
Ξ (β|x , ξ) ,

where i ∈ {gluon, sea, valence} and the function Ξ (β|x , ξ) divides the β–region into the
so–called DGLAP and ERBL support region of the GPD as,

Ξ (β|x , ξ) = θ (x > ξ) θ

(
x + ξ

1 + ξ
> β >

x − ξ

1 − ξ

)
+ θ (x < −ξ) θ

(
x + ξ

1 − ξ
> β >

x − ξ

1 + ξ

)
+ θ (−ξ < x < ξ) θ

(
x + ξ

1 + ξ
> β >

x − ξ

1 + ξ

)
To model the DDs, we use the Radyushkin Ansatz with a factorized ∆2-dependence

[3, 4, 5]

g i (β, α) = fi (β)
Γ(2ni + 2)

22ni +1 Γ2(ni + 1)
[(1 − |β|)2 − α2]ni

(1 − |β|)2ni +1 Fi (∆2)

where ni = 2 for gluons and sea quarks and ni = 1 for valence quarks. In the limit
ξ, ∆2 → 0, the GPD-H reduces to the spin non-flip parton densities as
H i

(
x , ξ = 0, ∆2 = 0

)
= fi (x) which are used for the modeling,

fi (β) =

{
|β| yi (|β|) for i = gluon
yi (|β|) (β) for i = sea

yi (β) Θ (β) for i = valence

where yi are the usual PDFs for which we use the CT18 NLO PDF set from [6]. 9 / 22



Theoretical formalism

Modeling the GPDs
For the ∆–dependence, we use for sea quarks and gluons a parametrization
F(∆2) = exp(Bt/2) (recall that ∆2 = t is negative), with a common slope parameter
B = 4 GeV−2. For valence quarks, we follow [7], by using

Fu
val(∆

2) = F p
1 (∆2) +

1
2

F n
1 (∆2), Fd

val(∆
2) = F p

1 (∆2) + 2F n
1 (∆2).

Here F p,n
1 are the Dirac form factors of proton and neutron, respectively, which can be

expressed in terms of the Sachs electric and magnetic form factors as,

F p,n
1

(
∆2

)
=

(
1 +

|∆2|
4m2

p,n

)−1 (
Gp,n

E

(
∆2

)
+

|∆2|
4m2

p,n
Gp,n

M

(
∆2

))
,

where mp,n denotes the proton and neutron mass, and Gp,n
E ,M are the Sachs electric and

magnetic form factors for the proton and the neutron.

In this work, we are interested only in the proton helicity–conserving contribution,
as it dominates in the region of small |∆⃗⊥| within the so-called diffraction cone.
The helicity non–flip contribution picks out [8]

F g,q(x , ξ, ∆2) ∝ Hg,q(x , ξ, ∆2) −
ξ2

1 − ξ2 Eg,q(x , ξ, ∆2).

As we are mainly interested in HERA kinematics with data taken at small xP, and
hence small ξ, we also neglect the contribution of GPDs Eg,q in the following.
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Theoretical formalism

A peak at the GPDs used as a function of x at Q2 = 4 GeV2
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The top-left panel shows the forward gluon GPD vs x for ξ = 0.1 and its derivative with
respect to x , the top-right panel shows the forward u-valence quark GPDs vs x at
ξ = 0.2, 0.1 and 0.05, and the bottom panel shows the forward s-sea quark x ·GPD vs x at
ξ = 0.1, 0.01 and 0.001.
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Theoretical formalism

Gluon integrals
The two gluon integrals Ig

L and Ig
T are actually composed of two independent

x-integral parts:

f (1)
g [H](ξ, ∆2) = −

∫ 1

−1

dx

[
Hg

(
x, ξ, ∆2

)
− Hg

(
ξ, ξ, ∆2

)
x − ξ

−
Hg

(
x, ξ, ∆2

)
− Hg

(
−ξ, ξ, ∆2

)
x + ξ

]
+

[
Hg

(
−ξ, ξ, ∆2

)
log

∣∣∣ 1 + ξ

1 − ξ

∣∣∣ − Hg
(

ξ, ξ, ∆2
)

log

∣∣∣ 1 − ξ

1 + ξ

∣∣∣]
+ iπ

[
Hg

(
−ξ, ξ, ∆2

)
+ Hg

(
ξ, ξ, ∆2

)]
,

f (2)
g [H](ξ, ∆2) = ξ

∫ 1

−1

dx

[
Hg′

(
x, ξ, ∆2

)
− Hg′

(
−ξ, ξ, ∆2

)
(x + ξ)

+
Hg′

(
x, ξ, ∆2

)
− Hg′

(
ξ, ξ, ∆2

)
(x − ξ)

]
+ ξ

[
Hg′

(
−ξ, ξ, ∆2

)
log

∣∣∣ 1 + ξ

1 − ξ

∣∣∣ + Hg′
(

ξ, ξ, ∆2
)

log

∣∣∣ 1 − ξ

1 + ξ

∣∣∣]
+ iπξ

[
Hg′

(
−ξ, ξ, ∆2

)
− Hg′

(
ξ, ξ, ∆2

)]
.

Ig
L =

{
(1 − 2β)f (1)

g [H](ξ, ∆2) + 2(1 − β)f (2)
g [H](ξ, ∆2)

} ū(p′)/n−u(p)
2(P · n−)

,

Ig
T =

{
− 2βf (1)

g [H](ξ, ∆2) + (1 − 2β)f (2)
g [H](ξ, ∆2)

} ū(p′)/n−u(p)
2(P · n−)

.
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Theoretical formalism

Quark integrals
The three quark integrals Iq

L and Iq1,q2
T are actually composed of four independent

x-integral parts:

f (1)
q [H]

(
ξ, ∆2

)
= 2ξ

[∫ 1

−1

dx
Hq

(
x, ξ, ∆2

)
− Hq

(
ξ, ξ, ∆2

)
x − ξ

− iπHq
(

ξ, ξ, ∆2
)

+ Hq
(

ξ, ξ, ∆2
)

log

∣∣∣ 1 − ξ

1 + ξ

∣∣∣] ,

f (2)
q [H]

(
ξ, ∆2

)
= 2ξ

[∫ 1

−1

dx
Hq

(
x, ξ, ∆2

)
− Hq

(
−ξ, ξ, ∆2

)
x + ξ

+ iπHq
(

−ξ, ξ, ∆2
)

+ Hq
(

−ξ, ξ, ∆2
)

log

∣∣∣ 1 + ξ

1 − ξ

∣∣∣] ,

f (3)
q [H]

(
ξ, β, ∆2

)
= 2ξ

[∫ 1

−1

dx
Hq

(
x, ξ, ∆2

)
− Hq

(
ξ (1 − 2β) , ξ, ∆2

)
x − ξ(1 − 2β)

+ iπHq
(

ξ (1 − 2β) , ξ, ∆2
)

+ Hq
(

ξ (1 − 2β) , ξ, ∆2
)

log

∣∣∣ 1 − ξ (1 − 2β)
1 + ξ (1 − 2β)

∣∣∣] ,

f (4)
q [H]

(
ξ, β, ∆2

)
= 2ξ

[∫ 1

−1

dx
Hq

(
x, ξ, ∆2

)
− Hq

(
−ξ (1 − 2β) , ξ, ∆2

)
x + ξ(1 − 2β)

− iπHq
(

−ξ (1 − 2β) , ξ, ∆2
)

+ Hq
(

−ξ (1 − 2β) , ξ, ∆2
)

log

∣∣∣ 1 + ξ (1 − 2β)
1 − ξ (1 − 2β)

∣∣∣].
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Theoretical formalism

Quark integrals
We then have, that, (neglecting contributions with the GPD E):

Iq
L =

{
zf (1)

q [H](ξ, ∆2) + z̄ f (2)
q [H]

(
ξ, ∆2

) } ū(p′)/n−u(p)
2(P · n−)

,

Iq1
T =

{
zz̄f (1)

q [H](ξ, ∆2) −
βz̄2

β̄
f (2)
q [H](ξ, ∆2) +

z̄2

β̄
f (3)
q [H](ξ, β, ∆2)

} ū(p′)/n−u(p)
2(P · n−)

,

Iq2
T =

{
− zz̄f (2)

q [H](ξ, ∆2) +
βz2

β̄
f (1)
q [H](ξ, ∆2) −

z2

β̄
f (4)
q [H](ξ, β, ∆2)

} ū(p′)/n−u(p)
2(P · n−)

,

We can notice that the last two quark integrals f (3,4)
q [H](ξ, β, ∆2) which contribute

to the transverse integrals Iq1,q2
T are functions of the β parameter which is given

by,

β =
ε2

p⃗ 2
⊥ + ε2 = βDDIS

(
1 +

m2
f

Q2z(1 − z)

)
, ε2 ≡ m2

f + z(1 − z)Q2,

which for mf → 0 coincides with the standard diffractive DIS variable βDDIS.
In this work, we have always considered β = βDDIS except for the case of the
heavy cc̄ production through gluon exchanges, where the charm mass has to be
weighed into the definition of the β parameter as per the above relation.
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Results and discussions

Results in an extensive phase space

To explore an extensive phase space in the HERA energy scale
√

s = 319 GeV, we take
4 < Q2 < 104 GeV2, 0 < y < 1, 0.01 < z < 0.99, 1 < p⊥ < 15 GeV and
0 < ∆⊥ < 3 GeV.

0 0.2 0.4 0.6 0.8 1

z

210

310

410

/d
z 

  (
pb

)
σd

all qgluon - q valence

cgluon - c sea

The figure shows the differential cross
section distribution in the longitudinal
momentum fraction z.

Here, gluon and sea quark
contributions are symmetric under
z ↔ 1 − z.
The gluon and sea quark exchange
contributions are C–even, while the
valence quark contributions contain
both charge conjugation parities.
The contribution of valence quarks,
however, shows a strong asymmetry
around z = 0.5, which translates to a
forward-backward asymmetry in the
quark polar angle in the dijet
center-of-mass frame. As overall the
valence contribution is small, the
asymmetry is invisible in the full cross
section.

The origin of this asymmetry is the
interference of t–channel exchanges of
positive and negative C–parity.
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Results and discussions

Results in an extensive phase space

At HERA, the main interest was concentrated on small xP < 0.1 region corresponding to
the so-called diffractive regime of processes with large rapidity gap.
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The figure shows the differential cross
section distribution in the fraction of
momentum of the proton carried by the
color-singlet exchange, xP.

To restrict to such diffractive regime,
one usually imposes a cut like
xP < 0.1.
Here, we intentionally extended our
calculation to larger xP wherein we
see that the valence quark
contributions start dominating for
xP ≳ 0.3.

We observe that to explore the valence
quark contribution which was not studied
so far in the literature, one would need to
go to larger xP > 0.1 i.e. beyond the
purely diffractive mechanism.
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Results and discussions

Results for ZEUS kinematics

We calculated the differential cross sections in the ZEUS kinematical region by imposing
the cuts: Q2 > 25 GeV2, 90 < W < 250 GeV, xP < 0.01, M > 5 GeV, p⊥ > 2 GeV,
0.1 < y < 0.64 and, η1,2 < 2
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β
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1

10
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  (
pb

)
β

/dσd

all qgluon - q valence

cgluon - c sea ZEUS data 

The figure shows the differential cross section
distribution in the β parameter along with
the available ZEUS data shown in black.

We see that below β ≲ 0.3 the qq̄
contribution to dijet production falls
significantly short of the data.
Note that this small β region
corresponds to large invariant masses
M of the diffractive system where the
contribution from qq̄g (gluon
radiation) dominates.
The distributions in β are somewhat
irregular, and it would be good to
measure them experimentally possibly
at the future EIC at BNL and perhaps
also at the future FCCeh at CERN.

Our obtained theoretical results show
reasonable agreement with the data in the
region of the diffractive DIS parameter
β ≳ 0.4.
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Results and discussions

Results for ZEUS kinematics
We also present the azimuthal angle modulation between the incoming leptonic and the
outgoing dijet planes.
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The figures show the differential cross section distribution in the azimuthal angle ϕ
corresponding to the two bins 0.3 < β < 0.4 and 0.3 < β < 0.4 out of the five different

bins of β explored in our work.
The ZEUS data have been shown with red error bars which indicate the statistical and systematic
errors and the blue boxes show the total error range including the normalization uncertainty of the
subtraction of the proton-dissociative contribution.

We can clearly see here that when binning at higher values of β, the agreement to
data is better than that of lower values of β ≲ 0.4.

18 / 22



Results and discussions

Results for ZEUS kinematics
We extract the Fourier coefficient A2 of the ϕ distribution in each of the five β bins. This
coefficient originates from the interference of different transverse photon polarizations.

1
σ

dσ

dϕ
=

1
2π

(
1 + A1 cos ϕ + A2 cos 2ϕ

)
, A2 =

2
σ

∫ 2π

0
dϕ

dσ

dϕ
cos 2ϕ
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The figure shows the β-dependence of A2 in
red dots and the available ZEUS data are
also shown in black.

Our calculation yields a negative
value of A2 for all β–bins.
While the trend of A2 as a function of
β is similar as in data, our calculation
does not yield the required sign
change of A2 at small β.
As to the magnitude of the effect we
predict a too large absolute value A2,
but it can be expected, that
hadronization effects would dilute the
strength of azimuthal correlation.

We also note that in Bartels et al. [9] a
negative A2 was argued to be a sign of
two-gluon exchange, while the so-called
resolved Pomeron contributions resemble
one-gluon exchange with the qq̄–system
and would give positive A2.
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Conclusions

Concluding remarks

The aim of our work has been to first explore the role of different
parton components in different regions of the phase space and then
to impose ZEUS kinematical cuts to draw a comparison.
We have shown how the inclusion of contributions across the various
parton exchanges such as gluon (for both the light and heavy quark
pair production), sea and valence quarks can affect the observables in
the extensive phase space as well as those corresponding to the ZEUS
kinematics in particular.
Special attention has been devoted to the valence quark contribution
which was not studied so far in the literature.
We discovered that to explore this contribution one would need to go
to larger xP > 0.1 i.e. beyond the purely diffractive mechanism
perhaps at the future EIC or FCCeh.
We have shown the azimuthal correlations for the ZEUS kinematics
separately for different windows of the diffractive DIS parameter β
and obtained reasonable agreement in the region of β ≳ 0.4.
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