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• x=average longitudinal momentum fraction

• 2ξ=longitudinal momentum transfer

• t=squared momentum transfer to hadron

• experimental access to t and ξ 

• in general: no experimental access to x
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• x=average longitudinal momentum fraction

• 2ξ=longitudinal momentum transfer

• t=squared momentum transfer to hadron

proton helicity flipproton helicity non flip

Four parton helicity-conserving twist-2 GPDs

parton-spin independent

parton-spin dependentH̃(x, ⇠, t) Ẽ(x, ⇠, t)

E(x, ⇠, t)H(x, ⇠, t)

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four parton helicity-flip twist-2 GPDs

ẼT (x, ⇠, t)

ET (x, ⇠, t)

• experimental access to t and ξ 

• in general: no experimental access to x

for spin-1/2 hadron:
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Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.
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Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q
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(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions
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impact-parameter dependent distributions:

probability to find parton (x,bT)

M. Burkardt, 

PRD 92 ('00) 071503 

JMP A 18 ('03) 173

Fourier transform (ξ=0)
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FIG. 4: Plots of the radial pressure, (a) pr(r) and (b) 4⇡ r
2
pr(r), using the multipole model (11) with parameters given in

Table I, see Eq. (35) or Eq. (40) for definitions in terms of GFFs.

(a) (b)

FIG. 5: Plots of the tangential pressure, (a) pt(r) and (b) 4⇡ r
2
pt(r), using the multipole model (11) with parameters given

in Table I, see Eq. (36) or Eq. (41) for definitions in terms of GFFs.

it is dominated by the quark contribution) to negative sign at the periphery (where it is dominated by the gluon
contribution). The pressure anisotropy in Fig. 7 vanishes at the center of the nucleon, as required by spherical
symmetry, and is positive anywhere else, indicating that the radial pressure is always larger than the tangential one.
Looking at the separate contributions, we see that the quark and gluon radial forces are both repulsive and of similar
range. For the tangential forces, the quark contribution appears to be mostly repulsive and short range whereas the
gluon contribution appears to be mostly attractive and long range.

If we integrate the energy density and the isotropic pressure over the whole volume, we naturally recover the FL (26)
discussed in the former section

Z
d3r "a(r) =

⇥
Aa(0) + C̄a(0)

⇤
M,

Z
d3r pa(r) = �C̄a(0)M. (46)

One can also relate the value of the GFF Ca(t) at t = 0 to a weighted integral of the pressure anisotropy (43) [10, 11, 26]

Z
d3r r2 sa(r) = �

15

M
Ca(0) . (47)

Summing over the constituents, one obtains the following additional relations [26, 86]

Z
d3r r2pr(r) = �

6

M
C(0) ,

Z
d3r r2pt(r) =

9

M
C(0) ,

Z
d3r r2p(r) =

4

M
C(0) . (48)

radial pressure
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gravitational form factors
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Fourier 

transform
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it is dominated by the quark contribution) to negative sign at the periphery (where it is dominated by the gluon
contribution). The pressure anisotropy in Fig. 7 vanishes at the center of the nucleon, as required by spherical
symmetry, and is positive anywhere else, indicating that the radial pressure is always larger than the tangential one.
Looking at the separate contributions, we see that the quark and gluon radial forces are both repulsive and of similar
range. For the tangential forces, the quark contribution appears to be mostly repulsive and short range whereas the
gluon contribution appears to be mostly attractive and long range.
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angular momentum

gluon

spin

quark 

spin

~ 30%

quark orbital 

    angular 

momentum

gluon orbital 

    angular 

momentum

Ji relation:

X. Ji, PRL 78 (1997) 610

Jq,g = lim
t→0

1
2 ∫

1

−1
dx (x)[Hq,g(x, ξ, t) + Eq,g(x, ξ, t)]

<latexit sha1_base64="lTuyq5PGIJNw7PuVd8dkCilMR+0=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFcSElE0WXRjcsK9gFNKJPJpB06mYR5SEvob7hxoYhbf8adf+O0zUJbDwwczrmXe+aEGWdKu+63s7K6tr6xWdoqb+/s7u1XDg5bKjWS0CZJeSo7IVaUM0GbmmlOO5mkOAk5bYfDu6nffqJSsVQ86nFGgwT3BYsZwdpKvs+ERtEI+edo1KtU3Zo7A1omXkGqUKDRq3z5UUpMQoUmHCvV9dxMBzmWmhFOJ2XfKJphMsR92rVU4ISqIJ9lnqBTq0QoTqV9NsNM/b2R40SpcRLayQTrgVr0puJ/Xtfo+CbImciMpoLMD8WGI52iaQEoYpISzceWYCKZzYrIAEtMtK2pbEvwFr+8TFoXNe+q5j5cVuu3RR0lOIYTOAMPrqEO99CAJhDI4Ble4c0xzovz7nzMR1ecYucI/sD5/AHDgpDZ</latexit>Z
dx x



Experimental access to GPDs

4

GPDs

γ*(q) γ



Experimental access to GPDs

4

GPDs

γ*(q) γ

Theoretically cleanest process

Deeply virtual Compton scattering 

(DVCS)


Hard scale=large Q2=-q2



Experimental access to GPDs

4

GPDs

γ*(q) γ

Theoretically cleanest process

Deeply virtual Compton scattering 

(DVCS)


Hard scale=large Q2=-q2



Experimental access to GPDs

4

GPDs

Crucial test for universality of GPDs

Timelike Compton scattering 

(TCS)


Hard scale=large Q’2=q’2

γ γ*(q′￼)



Experimental access to GPDs

4

GPDs

Crucial test for universality of GPDs

Timelike Compton scattering 

(TCS)


Hard scale=large Q’2=q’2

γ γ*(q′￼)

Hard exclusive meson production

Hard scale=large Q2

p p

e

e

*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

p p

e

e

*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q

M. Diehl Some thoughts about the theory of meson production 18

Sensitivity to different GPDs

ρ, ω
, ϕ

, π
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Kinematic coverage
6

Fig. 1 Overview on the kinematic coverage of previous, current, and future DIS experiments. As an example, the available
kinematic points from published data of the deeply virtual Compton scattering process are given for the different experi-
ments. This figure is taken from Ref [2]. We additionally included the kinematical range of the planned EicC experimental
facility taken from Fig. 2 of Ref. [106] and JLab 22 GeV, Fig. 17 of Ref. [100].

Transverse Momentum Distributions (GTMDs), gravitational form factors, and spin-related observables were also
central to the discussions.

The present white paper summarizes the discussions held at the Incheon and Trento workshops and high-
lights the research perspectives that emerged from them. It aims to provide a coherent overview of the current
status of hadron structure studies through hard exclusive reactions while identifying the most promising direc-
tions for future theoretical and experimental developments. In particular, it reflects the community’s efforts to
establish guidelines for upcoming experimental programs, deepen international collaborations, and to integrate
novel approaches – from lattice QCD to machine learning and quantum computing – into the broader framework
of hadron structure studies.

2 A brief overview of GPDs

The concept of generalized parton distributions (GPDs) emerged in the 1990s as a natural extension of the parton
model framework. In early studies by the Leipzig group [4], GPDs arose as non-forward matrix elements of non-
local QCD operators on the light cone, exhibiting a generic QCD scale evolution that “interpolates” between the
familiar Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) evolution of parton distribution functions (PDFs)
and the Efremov–Radyushkin–Brodsky–Lepage (ERBL) evolution of meson distribution amplitudes (DAs). The
field gained significant attention in 1996 when X.-D. Ji [6] and A. Radyushkin [5] emphasized the non-forward
nature of parton distributions in the context of deeply virtual Compton scattering (DVCS) and hard exclusive
electroproduction of mesons (DVMP); see Fig. 2 for the corresponding reaction mechanisms.

J. Collins, L. Frankfurt, and M. Strikman provided the QCD factorization theorems for DVCS [7] and hard
exclusive meson production [8]. X.-D. Ji further demonstrated that GPDs obey a sum rule, which provides access
to the total angular momentum of quarks and gluons, thus offering a new tool to address the nucleon spin problem.
These developments also revealed the role of GPDs in connecting inclusive observables (PDFs) with exclusive

DIS

down to xB=10-4 at HERA/EIC in ep

              xB=10-3 at EIC in eA
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Unique kinematical region

At the LHC fixed target pp, pp , pA, Pb-p, Pb-p  or Pb-A collisions, one has unique 
kinematic conditions at the poorly explored energy of √s ~ 100 GeV

7
In addition the exotic region at x>1 can be accessed (Fermi motion) creating a bridge between QCD and nuclear physics
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Figure 4: Target spin asymmetry �*! as a function of q, integrated (left) and binned in &2 G⌫ and C (right).
Only statistical errors are included.
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Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling
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(analogous argument for graphs with gluon GPD)
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Exclusive  production : SDMEsρ0
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beam • 5 classes of SDMEs


• unpolarised and polarised SDMEs

15

scaled SDME

proton
deuteron

A:  γ *L  →  ρ 0L
γ *T  →  ρ 0T

B: Interference  γ *L  →  ρ 0L  &  γ *T  →  ρ 0T

C:  γ *T  →  ρ 0L

D:  γ *L  →  ρ 0T

E:  γ *-T  →  ρ 0T

Fig. 9. The 23 SDMEs extracted from ρ0 data: proton (squares) and deuteron (circles) in the entire HERMES kinematics
with ⟨x⟩ = 0.08, ⟨Q2⟩ = 1.95 GeV2, ⟨−t′⟩ = 0.13 GeV2. The SDMEs are multiplied by prefactors in order to represent
the normalized leading contribution of the corresponding amplitude (see (77-99)). The inner error bars represent the
statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added in quadrature.
SDMEs measured with unpolarized (polarized) beam are displayed in the unshaded (shaded) areas. The vertical dashed
line at zero is indicated for SDMEs expected to be zero under the hypothesis of SCHC.

are chosen to have the main contribution to the plot-
ted representatives for the unpolarized and polarized
SDMEs equal to Re{T11T ∗

00}/N and Im{T11T ∗
00}/N ,

respectively. This corresponds to the general rule that
is applicable to classes B to E: the dominant contribu-
tion of the unpolarized (polarized) element presented
in Fig. 9 is proportional to the real (imaginary) part
of a product of two amplitudes. Class C contains the
main terms T01T ∗

00/N (for r500/
√
2 and r800/

√
2) and

T01T ∗
11/N . The dominant contributions for classes D

and E contain terms T10T ∗
11/N and T1−1T ∗

11/N , re-
spectively.

Given the scaled SDMEs in Fig. 9, it easily can
be seen that the two unpolarized SDMEs of class B
have large values, similar to those of class A. This
suggests the presence of a substantial interference be-
tween the two dominant amplitudes T00 and T11. The
two polarized class B SDMEs are significantly non-
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Exclusive  production : SDMEsρ0

• s-channel helicity conservation 

    ( ):


• fulfilled for class A & B

• class C - strong violation: 

λγ* = λρ0

ℜr04
10 ≠ 0 by  > 4σ

ℜr5
00 ≠ 0 by  > 9σ

(EPJC 62 (2009) 659)

HERMES:

 GeV 


 GeV
⟨Q2⟩ = 1.96 2

⟨W⟩ = 4.8 2

COMPASS:

 GeV 


 GeV
⟨Q2⟩ = 2.40 2

⟨W⟩ = 9.9 2

COMPASS: EPJC 83 (2023) 924

Unpolarised proton target and

longitudinally polarised lepton 

beam • 5 classes of SDMEs


• unpolarised and polarised SDMEs

15

scaled SDME

proton
deuteron

A:  γ *L  →  ρ 0L
γ *T  →  ρ 0T

B: Interference  γ *L  →  ρ 0L  &  γ *T  →  ρ 0T

C:  γ *T  →  ρ 0L

D:  γ *L  →  ρ 0T

E:  γ *-T  →  ρ 0T

Fig. 9. The 23 SDMEs extracted from ρ0 data: proton (squares) and deuteron (circles) in the entire HERMES kinematics
with ⟨x⟩ = 0.08, ⟨Q2⟩ = 1.95 GeV2, ⟨−t′⟩ = 0.13 GeV2. The SDMEs are multiplied by prefactors in order to represent
the normalized leading contribution of the corresponding amplitude (see (77-99)). The inner error bars represent the
statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added in quadrature.
SDMEs measured with unpolarized (polarized) beam are displayed in the unshaded (shaded) areas. The vertical dashed
line at zero is indicated for SDMEs expected to be zero under the hypothesis of SCHC.

are chosen to have the main contribution to the plot-
ted representatives for the unpolarized and polarized
SDMEs equal to Re{T11T ∗

00}/N and Im{T11T ∗
00}/N ,

respectively. This corresponds to the general rule that
is applicable to classes B to E: the dominant contribu-
tion of the unpolarized (polarized) element presented
in Fig. 9 is proportional to the real (imaginary) part
of a product of two amplitudes. Class C contains the
main terms T01T ∗

00/N (for r500/
√
2 and r800/

√
2) and

T01T ∗
11/N . The dominant contributions for classes D

and E contain terms T10T ∗
11/N and T1−1T ∗

11/N , re-
spectively.

Given the scaled SDMEs in Fig. 9, it easily can
be seen that the two unpolarized SDMEs of class B
have large values, similar to those of class A. This
suggests the presence of a substantial interference be-
tween the two dominant amplitudes T00 and T11. The
two polarized class B SDMEs are significantly non-

HT, ĒT = 2H̃T + ET

(In Goloskokov-Kroll model:

  factorisation assumed)k⊥
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                   arXiv:2412.19923

HT, Ẽ
ĒT = 2H̃T + ET

H̃, Ẽ, HT, ĒT
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p Δ++

First measurement of  in DIS⃗e + p → e + π− + Δ++

‣ clean, high-statistics access to transition GPDs

‣ probing d-quark content of nucleon


‣ first measurement sensitive to transversity transition GPDs
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Beam-spin asymmetry ∝ σLT′￼
/σ0 sin ϕ

CLAS PRL 131 (2023) 021901 : CLAS, Phys. Lett. B 839 (2023) 137761π+n
: CLAS, Phys. Lett. B 849 (2024) 138459π0p

→ HT

→ ĒT = 2H̃T + ET
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QED Double pomeron exchange
(Scalar / tensor mesons)

Photoproduction
(Vector mesons)

Signal: Central system with rapidity gaps down to proton

Background: Proton dissociation; finite detector acceptance 

Introduction
O O O O 

Conclusions

2

Measurements
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<latexit sha1_base64="2g/AoK3boc3ti1RHRxa76z/Ya7w=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuW9BjwYvHCm5baNeSTbNtaJJdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+aes4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0serQbniVt0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbRrVa9erd03Ks1GHkcRzuAcLsGDa2jCHbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD3bVjmk=</latexit>

µ�
<latexit sha1_base64="EQI/xtw86SvrAGaWkpTNBsXuC1A=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJHok8eIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt8X6ePVoFxxq+4CaJ14OalAjtag/NUfxiQVVBrCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iyVWFAdZItjZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VIT3QQZk0lqqCTLRVHKkYnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPyYbgrb68Ttq1qlev1u4blWYjj6MIZ3AOl+DBNTThDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB3ndjms=</latexit>

p(A)

p(A)

close to beam line

close to beam line

in detector

rapidity gap

rapidity gap

−t ≈ p2
T,μμ



J/ѱ photoproduction cross section off the proton at the LHC

17

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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Table 3 Values of the ϒ(1S) photoproduction cross section in four
rapidity y bins, corresponding to four photon–proton Wγ p centre-of-
mass energy ranges (with central W0 value obtained following the pro-
cedure outlined in Ref. [62]), in pPb collisions at

√
sNN = 5.02 TeV.

The symbols N back-sub
ϒ(sum) , N unfol

ϒ(sum), and N corr
ϒ(sum) represent the numbers

of ϒ(sum) = ϒ(1S) + ϒ(2S) + ϒ(3S) candidates after background

subtraction, unfolding, and extrapolation with the Acorr factor, respec-
tively; Nϒ(1S) is the extracted number of ϒ(1S) mesons, and # is the
theoretical effective photon flux (see text). The first (second, if given)
uncertainty quoted corresponds to the statistical (systematic) compo-
nent

y range (− 2.2,− 0.7) (− 0.7, 0.0) (0.0, 0.7) (0.7, 2.2)

〈y〉 −1.45 −0.35 0.35 1.45

N back-sub
ϒ(sum) 14 ± 6 9 ± 5 12 ± 5 12 ± 5

N unfol
ϒ(sum) 19 ± 9 13 ± 7 17 ± 7 16 ± 6

Acorr 0.46 ± 0.01 0.61 ± 0.01 0.61 ± 0.01 0.50 ± 0.01

N corr
ϒ(sum) 41 ± 19 ± 7 21 ± 11 ± 3 28 ± 11 ± 4 33 ± 13 ± 5

Nϒ(1S) = fϒ(1S)Nϒ(sum)

(1+ fFD)
26 ± 12 ± 4 13 ± 7 ± 2 18 ± 7 ± 2 21 ± 8 ± 3

dσϒ(1S)/dy (nb) 21 ± 10 ± 4 23 ± 12 ± 3 31 ± 12 ± 4 17 ± 7 ± 3

Wγ p range (GeV) 91–194 194–275 275–390 390–826

W0 (GeV) 133 231 328 568

Photon flux (#) 102.2 ± 2.0 68.3 ± 2.0 46.9 ± 1.4 17.9 ± 1.6

σγ p→ϒ(1S)p (pb) 208 ± 96 ± 37 343 ± 180 ± 51 663 ± 260 ± 93 956 ± 376 ± 162

Fig. 6 Cross section for
exclusive ϒ(1S)
photoproduction,
γ p → ϒ(1S)p, as a function of
photon–proton centre-of-mass
energy, Wγ p, compared to
previous HERA [20–22] and
LHCb [34] data as well as to
various theoretical
predictions [10,15–19]. The
vertical bars represent the
statistical uncertainties and the
boxes represent the systematic
uncertainties
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b)

(1
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→
pγσ

210

310

410
ZEUS 2009 (e-p)
ZEUS 1998 (e-p)
H1 2000 (e-p)
LHCb (p-p, 7,8 TeV)
CMS (pPb, 5.02 TeV) 

fIPsat

IIM-BG

IIM-LCG

bCGC-BG

JMRT-LO

JMRT-NLO

0.42±=1.08δFit CMS: 

Fit HERA+CMS+LHCb:

0.14±=0.77δ

 (5.02 TeV)-1pPb 32.6 nbCMS

dence. A fit of the extracted CMS σγ p→ϒ(1S)p cross section
with a function of the form A (Wγ p[GeV]/400)δ (with the
constant A corresponding to the cross section at the mid-
dle value, Wγ p = 400 GeV, over the range of energies cov-
ered) gives δ = 1.08 ± 0.42 and A = 690 ± 183 pb (black
solid line in Fig 6), consistent with the value δ = 1.2 ± 0.8
obtained by ZEUS [21]. A similar fit to the CMS, H1 [20],
and ZEUS [21] data together gives δ = 0.99± 0.27, in good
agreement with the results of the fit to the CMS data alone.
The fit over the whole kinematic range, including the higher-
Wγ p LHCb data, yields an exponent of δ = 0.77 ± 0.14,

consistent with the collision-energy dependence of the J/ψ
photoproduction and light vector meson electroproduction
cross sections [65].

The data are compared to the predictions of the JMRT
model, including LO and NLO corrections. A fit with the
power-law function in the entire Wγ p range of the data yields
δ = 1.39 and δ = 0.84 for the LO and NLO calculations,
respectively. The LO predictions show a steeper increase of
the cross section with energy than seen in the data over the full
kinematic range. The NLO prediction reproduces the mea-
sured rise of the cross section with Wγ p. The recent LHCb
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What object are we probing?
Classification of di↵ractive events

Coherent di↵raction:

Target remains in the same quantum state, e.g.
� + p ! J/ + p

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

Z
d2bdzd2r �⇤ V (r , z ,Q2)e�ib·�N⌦(r , xP,b)

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).

Gѫ
�G
W�

|t|

Coherent/Elastic

Incoherent/Breakup

W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001

Mäntysaari, Rept. Prog. Phys. 83, 2020

Heikki Mäntysaari (JYU) Incoherent di↵raction Mar 23, 2021 4 / 13
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What object are we probing?

coherent scattering

Coherent interaction: interaction with target as a whole.

∼ target remains in same quantum state.


Incoherent interaction: interaction with constituents inside target.

∼ target does not remain in same quantum state.

    Ex.: target dissociation, excitation

Classification of di↵ractive events

Coherent di↵raction:

Target remains in the same quantum state, e.g.
� + p ! J/ + p

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

Z
d2bdzd2r �⇤ V (r , z ,Q2)e�ib·�N⌦(r , xP,b)

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).
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�G
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|t|
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W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001
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What object are we probing?

coherent scattering

incoherent scattering

Coherent interaction: interaction with target as a whole.

∼ target remains in same quantum state.


Incoherent interaction: interaction with constituents inside target.

∼ target does not remain in same quantum state.

    Ex.: target dissociation, excitation

Classification of di↵ractive events

Coherent di↵raction:

Target remains in the same quantum state, e.g.
� + p ! J/ + p

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

Z
d2bdzd2r �⇤ V (r , z ,Q2)e�ib·�N⌦(r , xP,b)

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).

Gѫ
�G
W�

|t|

Coherent/Elastic

Incoherent/Breakup

W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001

Mäntysaari, Rept. Prog. Phys. 83, 2020

Heikki Mäntysaari (JYU) Incoherent di↵raction Mar 23, 2021 4 / 13
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Classification of di↵ractive events

Coherent di↵raction:

Target remains in the same quantum state, e.g.
� + p ! J/ + p

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

Z
d2bdzd2r �⇤ V (r , z ,Q2)e�ib·�N⌦(r , xP,b)

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).

Gѫ
�G
W�

|t|

Coherent/Elastic

Incoherent/Breakup

W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001

Mäntysaari, Rept. Prog. Phys. 83, 2020

Heikki Mäntysaari (JYU) Incoherent di↵raction Mar 23, 2021 4 / 13

•Good separation of coherent and incoherent production: not easy!
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Classification of di↵ractive events

Coherent di↵raction:

Target remains in the same quantum state, e.g.
� + p ! J/ + p

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

Z
d2bdzd2r �⇤ V (r , z ,Q2)e�ib·�N⌦(r , xP,b)

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).

Gѫ
�G
W�

|t|

Coherent/Elastic

Incoherent/Breakup

W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001

Mäntysaari, Rept. Prog. Phys. 83, 2020
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•Good separation of coherent and incoherent production: not easy!

•Coherent production: measurements up to large t:

‣3D or 2D (x independent) transverse position

<latexit sha1_base64="sQjTh1s1c0bN22xcnBsj4AGe3wE="></latexit>Z 1
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Experimentally limited by maximum transverse momentum.

Need to extend pT range as much as possible in measurement.

~third diffractive minimum.
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Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration

The ratio of the 2S to 1S charmonium states is:

s coh
y 0
dy

s coh
J/y
dy

= 0.18 ±0.0185(stat.)±0.028(syst.)±0.005(BR). (8)

Many systematic uncertainties of the J/y and y 0 cross section measurements are correlated and cancel
in the cross section ratio. Since the analysis relies on the same data sample and on the same trigger,
the systematic uncertainties of the luminosity evaluation, trigger efficiency, EMD correction and ITS-
TPC matching of leptons were considered as fully correlated. The AD and V0 offline veto uncertainty
is partially correlated, so the difference of the uncertainties for y 0 and J/y is taken into account in
the uncertainty of the ratio. The systematic uncertainties connected to the signal extraction, incoherent
contamination and the branching ratio are considered uncorrelated between the two measurements. The
dominant uncertainty comes from the uncorrelated part of the AD and V0 veto uncertainty for y 0.

5 Discussion

Figure 6 shows the rapidity-differential cross section of the coherent photoproduction of J/y and y 0 vec-
tor mesons in Pb–Pb UPCs including previous ALICE measurements of J/y at forward rapidity [24].
At midrapidity, J/y measurements performed in absolute rapidity ranges are shown at positive rapidities
and reflected into negative rapidities. The ALICE measurements are compared to several models which
are discussed in the following:

The impulse approximation, taken from STARlight [43], is based on data from exclusive J/y photopro-
duction off protons and neglects all nuclear effects except for the coherence. The square root of the ratio
of experimental cross sections to the impulse approximation is 0.65±0.03 for J/y and 0.66±0.06 for
y 0, where statistical and systematic uncertainties of the ALICE measurements and a conservative 10%
uncertainty on the impulse approximation are added in quadrature. The obtained nuclear suppression
factor reflects the magnitude of the nuclear gluon shadowing factor at typical Bjorken-x values in the
range (0.3,1.4)⇥ 10�3 and is in good agreement with Rg(x ⇠ 10�3) = 0.61+0.05

�0.04 obtained in Ref. [18]
from the J/y cross section measurement in UPCs at

p
sNN = 2.76 TeV.
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Figure 6: Measured differential cross section of the coherent J/y (left) and y 0 (right) photoproduction in Pb–Pb
UPC events. The error bars (boxes) show the statistical (systematic) uncertainties. The theoretical calculations are
also shown. The green band represents the uncertainties of the EPS09 LO calculation.

15

no  gluon 

shadowing

        -4.0<y<-2.5 


0.7 x 10-2 < xB < 3.3 x10-2 (dominant)

   1.1 x 10-5 < xB < 5.1 x10-5

|y|<0.8 ⟷ 0.3 x 10-3 < xB < 1.4 x10-3

Results indicate shadowing in gluon PDF:
<latexit sha1_base64="40ySOG8Pp0xusLdtZJBJfNryDs4="></latexit>

Rg =
gPb

Agp
⇡ 0.65 at x ⇡ 10�3

ALICE, Eur. Phys. J. C 81 (2021) 712
ALICE, Phys. Lett. B 817 (2021) 136280

First measurement of the |t|-dependence of coherent J/ψ photonuclear productionALICE Collaboration
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Figure 2: Dependence on |t| of the photonuclear cross section for the coherent photoproduction of J/ψ off Pb
compared with model predictions [10, 11, 26] (top panel). Model to data ratio for each prediction in each measured
point (bottom panel). The uncertainties are split to those originating from experiment and to those originating from
the correction to go from the UPC to the photonuclear cross section.
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LHCb, a single-arm forward spectrometer perfectly suited 
for fixed target collisions
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7 SMOG2 gas feed system

The SMOG apparatus is equipped with a gas feed system, shown in Fig. 2, which allows to
injects gas into the VELO vessel, Fig. 5. This system has only one feed line (used for di↵erent
noble gases), and cannot provide accurate determination of the injected gas flow rate Q.

For SMOG2 a new GFS, schematically shown in Fig. 36, has been designed. This system
includes an additional feed line directly into the cell center via a capillary, Fig. 29. The amount
of gas injected can be accurately measured in order to precisely compute the target densities
from the cell geometry and temperature.

Beyond the constraints requested by LHC and LHCb, the scheme shown in Fig. 36 is a well
established system, operated by the proponents in previous experiments [32, 33].

7.1 Overview

The system consists of four assembly groups, Fig. 36.

Figure 36: The four assembly groups of the SMOG2 Gas Feed System: (i) GFS Main Table, (ii) Gas
Supply with reservoirs, (iii) Pumping Station (PS) for the GFS, and (iv) Feed Lines. The pressure gauges
are labelled AG1 (Absolute Gauge 1), AG2 (Absolute Gauge 2). The two dosing valves are labelled
DVS (Dosing Valve for Stable pressure in the injection volume) and DVC (Dosing Valve for setting the
Conductance). The Feeding Connections include the feeding into the VELO vessel and into the storage
cell. The corresponding valves are labelled CV (Cell Valve), VV (VELO Valve) and SV (Safety Valve). A
Full Range Gauge (FRG) monitors the pressure upstream of the last valves for feeding into the vessel
(VV) and into the Cell (VC). A RGA with restriction and PS will be employed to analyze the composition
of the injected gas (see Sect. 6.4).

(i) GFS Main Table: Table which hosts the main components for the injection of calibrated
gas flow (volumes, gauges, and electro–pneumatic valves), to be located on the balcony at
the P8 cavern;
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7
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SMOG2 - the SMOG upgrade for Run 3
• SMOG2 is a dedicated cell (20cm long, 1cm diameter) 

for gas injection installed just before the LHCb VELO
• Smaller cell size allows for increased gas densities 

and therefore higher luminosities with respect to 
SMOG, with a luminosity uncertainty of 1-2%

• Equipped with a sophisticated Gas Feed System that 
allows the injection of more gases: H2, D2, Ar, Kr, 
Xe, He, Ne, N2, O2 all possible!

• Can run in parallel with collider mode pp physics 
data taking at LHCb
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LHCb-PUB-2018-015 LHCb TDR 20

pp

pAr (SMOG2)

LHCb-FIGURE-2022-002 LHCb-FIGURE-2023-001

Kara Mattioli (LLR/CNRS) Synergies between the LHC and the EIC Workshop

SMOG2 performance in Run 3 
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Upcoming experiments probing GPDs
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• Jefferson Lab:

‣ ALERT at CLAS (analysis ongoing): DVCS and meson production on 4He: spin-0 target  only 1 GPD


‣ Addition of neutral spectrometer at Hall C: DVCS, exclusive  off proton (analysis ongoing)


‣ Transverse target at CLAS approved (~4 years)  access to GPD 


‣ Double DVCS at CLAS approved (~5–6 years) and at Hall A with SoLID (C1 approved)  access to GPDs at 

‣ Additional proposals:


‣ Positron beam at Jefferson Lab  access to  through beam-charge asymmetry

‣ Upgrade to JLab at 22 GeV


•  LHCSPIN


• EIC

→
π0

→ E
→ x ≠ ξ

→ Reℋ

Proposal for Run 5: 
SMOG2                  

⟶ access to GPD  at the LHCE

Collider mode

! = 13 TeV

!%% = 8.2 TeV

!%% = 5 TeV

Fixed-target mode

!%% = 72 GeV

!%% = 115 GeV

5L.L. Pappalardo  - LHCspin kick-off meeting  - Ferrara  - July 15-16  2019

Types of collisions at LHCb
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gas

LHCSPIN: transversely polarised gas target at LHCb Collider mode

! = 13 TeV
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!%% = 72 GeV

!%% = 115 GeV

6L.L. Pappalardo  - LHCspin kick-off meeting  - Ferrara  - July 15-16  2019
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First EIC detector: ePIC
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ePIC Far-Forward/Far-Backward Detectors
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p/A beam

e beam
B0 system: trackers+electromagnetic 

calorimeters inside magnetic field

to detect protons and photons 

The electron-proton/ion collider (ePIC) detector

h e

27
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hermetic coverage:
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2o
 ≤θ≤178o

  ⟺ -4<η<4

e newly created 

particles

+ far backward

+ far forward

Data acquisition:

  no trigger

  all collision data is digitised 

  with strong zero-suppression at front-end electronics

• Tracking 
• PID 
• Electromagnetic            

calorimeter 
• Hadronic                        

calorimeter
1.7 T magnet

See talk from S. Kay on 
Tuesday at 3:40 PM

See talk from A. Jentsch 
on Tuesday at 4:05 PM
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Roman pots and off-momentum detectors: 

reconstruct far-forward protons 

(and other charged particles+light ions)
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Zero-degree calorimeters: 
detection of neutrons and  
photons

configuration considered in this study; (ii) made for MC
events generated as described in Sec. III A and processed
through the ePIC simulation described in Sec. III B;
(iii) obtained after applying the cuts specified in
Sec. III A (except for the cut on the plotted variable, if
applicable), including 0.01 < y < 0.85; and (iv) obtained
for an integrated luminosity of L ¼ 10 fb−1, each.
Distributions of pseudorapidity for the scattered electron,

ηe0 , the scattered proton, ηp0 , and the produced photon, ηγ ,
are shown in Fig. 4 for the mixture of BH and DVCS
events, and in Fig. 5 for DVCS events only. To straight-
forwardly demonstrate the effect of geometric acceptance,
which is typically studied with these variables, the

distributions shown in Figs. 4 and 5 are obtained without
including energy or momentum smearing from full
reconstruction in the detectors (if a particle is found in
the detector, its generator-level kinematics are plotted to
isolate the acceptance). One can see that the acceptances
change as a function of beam energy, especially between
the lowest and highest beam energy configurations. In all
cases, the scattered electron has exceptionally high accep-
tance. This is a fundamental aspect of the ePIC detector
design due to the need for scattered electron detection for
all deep-inelastic scattering observables. In the case of
Fig. 4, the losses in photon acceptance are coming almost
entirely from Bethe-Heitler events, which is seen when

FIG. 4. Distributions of pseudorapidity of scattered electron (ηe0 ), scattered proton (ηp0 ), and produced photon (ηγ) for generated (blue)
and reconstructed (red) MC events containing the DVCS and Bethe-Heitler contributions to the cross section. The various beam energies
are indicated in the plots.

E. C. ASCHENAUER et al. PHYS. REV. D 112, 036010 (2025)
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B0 Roman pots

E.C. Aschenauer et al., Phys. Rev. D 112 (2025) 036010
Reconstruction of scattered proton in DVCS



DVCS and impact on determination of CFFs in ePIC
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One can expect a twofold effect from radiative correc-
tions. On the one hand, radiative corrections may change
the shape of t distributions, directly affecting the extraction
of tomography information. Since t is evaluated from the
four-momenta of hadrons, the effect of radiative corrections
is expected to be small. A precise estimation would require
an improved description of radiative corrections than that
used in this study (see Sec. IV B). On the other hand,
radiative corrections affect the estimation of the mean
values of kinematic variables attributed to the extraction
of tomography information, namely the values of hxBji and
hQ2i. Within the description of radiative corrections used in
this study, we found this effect to be negligible.
Our impact study is based on a MC sample obtained for

L ¼ 10 fb−1. The analysis is done in two-dimensional bins
of ðxBj; Q2Þ defined by the following limits: xBj:{0.0001,
0.00016, 0.00025, 0.00040, 0.00063, 0.0010, 0.0016,
0.0025, 0.0040, 0.0063, 0.010, 0.016, 0.025, 0.040,
0.063, 0.10, 0.16, 0.25, 0.40, 0.7}, Q2=GeV2: {1.0,
1.78, 3.16, 5.62, 10, 18, 32, 56, 100}. Bins with fewer
than 2000 reconstructed events are discarded in the
analysis.
In order to extract tomographic pictures, i.e., a visual

representation of qDVCSðξ; b⃗⊥Þ, we parametrize the cor-
rected distribution of events, NðtiÞ, with the following
Ansatz:

fðtÞ ¼
!XNmax

i¼0

Ai expðBitÞ
"2

; ð22Þ

where Ai > 0 and Bi > 0, and where the square of the sum
corresponds to the square of GPDs in Eq. (14). The
flexibility of the model is controlled by Nmax, which in
this analysis is set to 5. The benefit of using a sum of
exponents is threefold: (i) its Fourier transform is straight-
forward, (ii) the outcome of this transform is always
positive, and (iii) the Ansatz can be used to approximate

other popular functions used in the context of nucleon
tomography, such as a dipole. The latter can be demon-
strated using the Laplace transform:

!
1 − t

m

"−n
¼

Z
∞

0
dt0

expð−mt0Þðmt0Þn

t0ΓðnÞ
expðt0tÞ ð23Þ

which, despite the infinite integration limit, converges
quickly and can be efficiently approximated by the sum
in Eq. (22).
To propagate statistical uncertainties, we employ the

replication method. The fitting of (22) to NðtiÞ is repeated
multiple times (100 in this analysis), with each repetition
involving random alterations to the fitted distribution. To
generate a single altered distribution, we randomly generate
a new number of events in each bin of NexpðtiÞ from the
Poisson distribution. The result of fitting to a single altered
distribution is referred to as a replica. We utilize a collection
of replicas to estimate the uncertainty at a given point,
based on their spread. This approach is also employed for
quantities derived from (22), such as the tomographic
pictures.
An exemplary result is shown in Fig. 15 for a single

kinematic bin. The figure presents the distribution of events
fitted with Ansatz (22), utilizing the replication prescription
for estimating uncertainties. The resulting tomographic
picture, i.e., the Fourier transform of the fitted t profile
normalized to the PDF (the same as used in the GK model),
is also shown. One can notice an increase in uncertainty at
b ¼ 0, where b ¼ kb⃗⊥k, caused by the poor knowledge of
the domain with jtj ≫ 1 GeV2. This effect is expected and
would not be visible with simple Ansätze, like a single
exponential fit, due to the model bias. This demonstrates
the usefulness of flexible Ansätze like that given by
Eq. (22), which due to a large number of free parameters
can be considered as a good approximation of a non-
parametric method. The result agrees with the GK model,

FIG. 15. Left: distribution of events corrected for acceptance and after subtraction of the BH contribution as a function of t for
xBj ¼ 0.020 and Q2 ¼ 7.3 GeV2. The gray band represents the result of the fit described in the text, corresponding to the
95% confidence level. Right: resulting tomographic picture, with the red dashed curve representing the reference values given by
the GK model.
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cross section as measured by the H1 and ZEUS collabo-
rations [66–68], and asymmetry data from longitudinally
polarized electron beams ALU and from longitudinally and
transversely polarized targets (AUL and AUT) as measured
by HERMES [77–79]. These are the observables providing
presently the strongest experimental constraints on the
imaginary parts of the CFFs H, E, and H̃ at the EIC
kinematics.
Using the same procedure as above, we performed the

CFF extraction by adding simulated ALU EIC data for the
bins listed above. We started by using only the dominant
ImH CFF (with other CFFs set to zero) and then added first
Im E and finally Im H̃. As expected from the xBj suppres-
sion in (26), there is no statistically significant effect of ALU

EIC data on the extraction of Im H̃. The two CFFs that are
constrained by EIC ALU data, ImH and Im E, are shown in
Fig. 18. It is clearly seen that the improvement in the
uncertainty of ImH is excellent, and the constraints on
Im E are significantly increased. The shift in the uncertainty
bands after including the simulated EIC data, which is
particularly evident in Im E, is partly due to statistical
fluctuations inherent in this method and partly due to the
HERA datasets not being in perfect statistical agreement
with the EIC datasets. In particular, the GK model used to
generate the simulated EIC data undershoots the HERMES
ALU by about two standard deviations, creating tension that
ultimately leads to an artificial increase in the uncertainty of
ImH for ξ > 0.01.

V. CONCLUSIONS

In this study, we realistically assessed the impact of future
EIC measurements on the analysis of nucleon tomography
and CFFs by taking into account a wide range of factors that
could potentially influence the extraction procedure. To
achieve this goal, we have utilized state-of-the-art simula-
tion software and themost recent design of the ePIC detector
and the EIC interaction region to evaluate the impact of the
apparatus on the anticipated measurements.
Despite focusing only on certain observables, our study

clearly demonstrates that thanks to the high luminosity,
polarized beams, and the careful design of the detectors
and the interaction region, the EIC will provide unprec-
edented access to the spatial and spin structure of the proton.
The EIC will cover a wide kinematic domain, ranging from
low xBj, previously probed only by HERA, to intermediate
xBj, covered by COMPASS, HERMES, and future JLab
experiments.The long lever arm inQ2will allow for a detailed
study of evolution effects, particularly those that impact
nucleon tomography, which remain largely unknown to this
day. The measurement of CFFs will provide much-needed
constraints onvarious types ofGPDs.Overall, the anticipated,
precise measurements in poorly covered kinematic domains
will contribute significantly to the understanding of hadronic
structure, marking the EIC as the future QCD laboratory.
Our study presents the coverage of the kinematic region

by the ePIC detector and the basic kinematic distributions
one expects to see after accumulating 10 fb−1 of integrated

FIG. 18. CFFs ImH (left) and Im E (right) in dependence on ξ (first row) and t (second row), as extracted by training an ensemble of
neural nets to only old HERA data (green slanted dashes) and additionally to simulated EIC data (red vertical dashes) at Q2 ¼ 4 GeV2.
GK model values are plotted for comparison (red dashed line).
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imaginary parts of the CFFs H, E, and H̃ at the EIC
kinematics.
Using the same procedure as above, we performed the

CFF extraction by adding simulated ALU EIC data for the
bins listed above. We started by using only the dominant
ImH CFF (with other CFFs set to zero) and then added first
Im E and finally Im H̃. As expected from the xBj suppres-
sion in (26), there is no statistically significant effect of ALU

EIC data on the extraction of Im H̃. The two CFFs that are
constrained by EIC ALU data, ImH and Im E, are shown in
Fig. 18. It is clearly seen that the improvement in the
uncertainty of ImH is excellent, and the constraints on
Im E are significantly increased. The shift in the uncertainty
bands after including the simulated EIC data, which is
particularly evident in Im E, is partly due to statistical
fluctuations inherent in this method and partly due to the
HERA datasets not being in perfect statistical agreement
with the EIC datasets. In particular, the GK model used to
generate the simulated EIC data undershoots the HERMES
ALU by about two standard deviations, creating tension that
ultimately leads to an artificial increase in the uncertainty of
ImH for ξ > 0.01.

V. CONCLUSIONS

In this study, we realistically assessed the impact of future
EIC measurements on the analysis of nucleon tomography
and CFFs by taking into account a wide range of factors that
could potentially influence the extraction procedure. To
achieve this goal, we have utilized state-of-the-art simula-
tion software and themost recent design of the ePIC detector
and the EIC interaction region to evaluate the impact of the
apparatus on the anticipated measurements.
Despite focusing only on certain observables, our study

clearly demonstrates that thanks to the high luminosity,
polarized beams, and the careful design of the detectors
and the interaction region, the EIC will provide unprec-
edented access to the spatial and spin structure of the proton.
The EIC will cover a wide kinematic domain, ranging from
low xBj, previously probed only by HERA, to intermediate
xBj, covered by COMPASS, HERMES, and future JLab
experiments.The long lever arm inQ2will allow for a detailed
study of evolution effects, particularly those that impact
nucleon tomography, which remain largely unknown to this
day. The measurement of CFFs will provide much-needed
constraints onvarious types ofGPDs.Overall, the anticipated,
precise measurements in poorly covered kinematic domains
will contribute significantly to the understanding of hadronic
structure, marking the EIC as the future QCD laboratory.
Our study presents the coverage of the kinematic region

by the ePIC detector and the basic kinematic distributions
one expects to see after accumulating 10 fb−1 of integrated

FIG. 18. CFFs ImH (left) and Im E (right) in dependence on ξ (first row) and t (second row), as extracted by training an ensemble of
neural nets to only old HERA data (green slanted dashes) and additionally to simulated EIC data (red vertical dashes) at Q2 ¼ 4 GeV2.
GK model values are plotted for comparison (red dashed line).
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Summary

• Valence region at Jefferson Lab: full GPD programme at high precision to extract chiral-even and chiral-odd GPDs 
using polarised electron beam and unpolarised, longitudinally and transversely polarised proton targets 


    as well as light nuclei.

• Sea-quarks and gluons at the EIC: full GPD programme, at unrivalled precision down to xB=10-4, using polarised 

    electron beam and polarised nucleons as well as entire series of unpolarised nuclei. 

• LHC: 

‣ Spin-independent, highest-energy measurements with proton and lead ions:                                                                   

test of universality of GPDs and access to lowest region in xB, down to 10-6.  

‣ Fixed target with proton and noble gasses for high-xB region. Plans for transversely polarised target.

• Sea-quarks at COMPASS: measurements of DVCS and hard exclusive meson production off unpolarised proton 

    are ongoing.
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Small impact parameter, b              higher probability for exciting (∝1/b2)  higher probability to emit neutrons.
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scenarios are shown [33]. The color dipole (CD) models,
with different model parameters (BGK, BGW, IIM),
assume quark-antiquark dipole scattering from the nuclear
targets [62].
For the case of no neutron selection (AnAn), the data

follow the trend of the forward-rapidity measurements from
ALICE [13] over a new y region.None of themodels describe
the combined results over the full rapidity range. The color
dipole models agree with the measurements in the forward-
rapidity region, but fail to describe the data at y ≈ 0. In each
neutron multiplicity class, the LTA predictions tend to be
lower than the CMS results, particularly for the strong
shadowing scenario. These comparisons indicate that there
are key ingredients missing from the theoretical understand-
ing of high energy photon-nucleus scattering processes.
To gain further insight, the total measured J=ψ coherent

photoproduction cross section as a function of WPb
γN up to

≈400 GeV is shown in Fig. 3, after decomposing the two-
way ambiguity. Because the contributions of high energy
photons are negligible at very forward rapidity (less than
5% for−4.5 < y < −3.5) [32,33], and the fact that at y ≈ 0,
ω1 ≈ ω2 ≈MJ=ψ=2, the total cross section at lower WPb

γN
values can be approximated using ALICE and LHCb
measurements. These results are also shown in Fig. 3.
The experimental and theoretical (from the photon flux)
uncertainties are displayed separately in Fig. 3. Predictions
from the LTA and CD models, as well as the gluon
saturation models bBK [63], IPsat [64], and GG [65]),
are compared to the experimental measurements. The
prediction (σIA) from the impulse approximation (IA)
model [32] is also shown, based on a simple scaling of
the experimental data from exclusive J=ψ photoproduction
off protons with the nuclear form factor and neglecting all
other nuclear effects, except for coherence.
The measured total cross section has an unexpected

energy dependence, approximately quadrupling as WPb
γN

goes from 15 to 40 GeV. This is consistent with the
expectation of a fast-growing gluon density at low x
(e.g., from the IA model). However, this trend vanishes
for WPb

γN > 40 GeV, and instead the total cross section
begins a slow linear rise with a slope of ð2.2" 1.9Þ ×
10−5 mb=GeV determined by a fit to CMS data with proper
consideration of the covariance matrix of both statistical
and systematic uncertainties [34]. Considering the

FIG. 2. The differential coherent J=ψ photoproduction cross section as a function of rapidity, in different neutron multiplicity classes:
0n0n, 0nXn, and XnXn (left); AnAn (right). The small vertical bars and shaded boxes represent the statistical and systematic
uncertainties, respectively. The horizontal bars show the bin widths. Theoretical predictions from LTAweak and strong shadowing [33],
color dipole models (CD_BGK, CD_BGW, and CD_IIM) [62], and STARlight [46] are shown by the curves. The right plot also displays
the results from the ALICE [13,14] and LHCb [17] experiments.

FIG. 3. The total coherent J=ψ photoproduction cross section
as a function ofWPb

γN from the CMS measurement in Pb-Pb UPCs
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Approximated results (implied by the
asterisk) from the ALICE [13,14] and LHCb [17] experiments
are displayed for specific rapidity regions, where the two-way
ambiguity effect is expected to be negligible. The WPb

γN values
used correspond to the center of each experiment’s rapidity range.
The vertical bars and the shaded and open boxes represent the
statistical, experimental, and theoretical (photon flux) uncertain-
ties, respectively. The predictions from various theoretical cal-
culations [32,33,62–65] are shown by the curves.
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Figure 4. Photonuclear cross section for the γ + Pb → J/ψ + Pb process as a function of Wγ Pb,n
(lower axis) or Bjorken-x (upper axis). The solid markers represent the measured cross section.
The vertical line across a marker is the uncorrelated uncertainty. The height of an empty box is
the sum in quadrature of the correlated systematic uncertainties and the effect of migrations across
neutron classes. The gray box represents the theoretical uncertainty coming from the computation
of the photon flux. The lines depict the prediction of the different models discussed in section 2.
The open triangular and square markers show the cross sections extracted in refs. [17, 18] using
ALICE Run 1 data.

according to eq. (1.1) the results for the cross section at low and high Wγ Pb,n in one rapidity
interval are anti-correlated. Note that the uncertainties for the high Wγ Pb,n region are
large, reaching about 30% at Wγ Pb,n = 813GeV. The predictions obtained with IA [17] are
consistent with the data for the energy region below 40GeV, although systematically above
the data; at all other energies the predictions from IA are well above the measurements
with the difference increasing with energy. STARlight predictions describe the data for
energies below 40GeV, but overestimate the measurements at all other energies. None
of the EPS09-LO, LTA, b-BK-A, and GG-HS models describe the data in the Wγ Pb,n
range from about 25 to 35GeV. The EPS09-LO model describes the measurements at the
lowest energy and at intermediate energies, but overestimates the measurements at the
highest energies. The GG-HS model does not include the reduction of phase space at low
Wγ Pb,n, but it describes the data, except for the mentioned energy range, for all other
measurements, with the predictions systematically on the higher side of the measurements.
The predictions of the LTA and b-BK-A models are very similar and describe the data
fairly well at all energies, except for the energy range from about 25 to 35GeV.

– 22 –

34

ALICE: 𝜸Pb cross section, energy dependence

JHEP 10 (2023) 119


