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Also pO and OO runs and possibly other 

intermediate-mass nuclei such as Ar-Ar

s = 14 TeV
pp collisions

ATLAS/CMS ℒ : 5 ⋅ 1034 cm−2 s−1 → ℒint : 3000 fb−1

LHCb ℒ : 2 ⋅ 1033/2 ⋅ 1034 cm−2 s−1 → ℒint : 300 fb−1

PbPb collisions

ALICE/ATLAS/CMS RUN4: ℒint : 6.8 nb−1

sNN = 5.5 TeV

pPb collisions

ATLAS/CMS RUN4: ℒint : 0.6 pb−1

LHCb RUN4: ℒint : 1.0 nb−1

sNN = 8.8 TeV

ALICE/LHCb RUN4: ℒint : 0.3 pb−1

A. Dainese et al., CERN Yellow Reports: Vol. 7 (2019)
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Fixed-target program at LHCb

4

2015-2018  
SMOG: first fixed-target program  

Injection of noble gas inside the VELO 


Run 3  
SMOG2 upgrade: openable storage cell 

Significantly higher areal density


More gas species:  
H2, D2, He, N2, O2, Ne, Ar, Kr, Xe


Negligible impact on LHC beam and 
LHCb performance

Fixed-target Mode
The LHCb Fixed-Target configuration

Ø Unique opportunity to study pA/AA collisions on various
targets exploiting the high-energy, high-intensity LHC beams!

Ø Since 2015 can also be operated as a fixed-target experiment
with the SMOG system

Ø Low density noble gases (He, Ne, Ar) injected in the beam
pipe in the VELO region
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!!! = 72 GeV

!!! = 115 GeV

Types of collisions (II): Fixed-Target mode

Lots of interesting analyses with SMOG published or ongoing!

→   See dedicated poster by Shinichi Okamura!

Kinematic coverage: −/ ≤ 0"# ≤ 1 Large 2$
2% < 1

4 Machine Issues

The installation of an openable narrow Aluminum tube of 5 mm inner radius inside the VELO
vessel near the detector boxes requires to check carefully for potential risks related to:

• aperture required for the beam;

• impedance of the system of WFS’s and possible heating and beam instabilities;

• electron cloud and ion build-up phenomena;

An additional important aspect to be considered is the impact of the SMOG2 gas target on the
beam lifetime. These issues are analyzed in the following sections.

4.1 Aperture requirements

The upgraded VELO detector [8, 9] has a minimal distance of nominally 3.5 mm from the beam
axis, an aperture that is considered safe in the expected (HL-)LHC conditions of Run 3 and Run
4 [run34]. For the proposed implementation of the SMOG2 storage cell, it is worth noting that,
assuming a symmetric envelope with respect to the IP, the downstream edge of the VELO always
approaches the beams more closely than the upstream part of the storage cell, as depicted in
Fig. 8.

Figure 8: Side view of the SMOG2+VELO system. The coordinate with respect to the IP and
the radius if the extreme apertures are reported. The beam enters from the left side.
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Fixed target – SMOG2

LHCb, a single-arm forward spectrometer perfectly suited 
for fixed target collisions

LHC beam

optimised for studying particles containing c- and b-quarks

2 < η < 5Forward acceptance:

9

JINST	3	(2008)	S08005		
IJMPA	30	(2015)	1530022

Tracking	system	momentum	resolution	
Δp/p	=	0.5%–1.0%	(5	GeV/c	–	100	GeV/c)

LHCb upgrade 2019-2020 
Collision rate at 40 MHz 
Pile-up factor μ ≈ 5 
Remove L0 triggers (software trigger)  
Read out the full detector at 40 MHz 
Replace the entire tracking system

Internal side view

storage cell

WFS

375 mm

VELO

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;

37

Gas Feed System

Openable cell

34

It is the only object into 
the LHC primary 

vacuum

inject gas: He, Ne, Ar, and H2, D2
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Fixed target – LHCSpin  
proposed for Run5
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The LHCspin project

9

ABS
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TC

Run 5Polarised Mode

The LHCspin project

The LHCspin project aims to bring spin physics at the LHC through the implementation of a new-generation
polarized gaseous fixed target in the LHCb spectrometer.

The SMOG2 realization sets the basis for the development of a future polarized gas target for LHCb
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Types of collisions (III): Polarized Fixed-Target

LHCspin: development of a 
new generation of polarised 
targets (baseline HERMES)


LHCb: excellent capabilities 
to reconstruct quarkonia


First spin-physics program  
@ LHC 
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4 CONCLUSION

deuterons [16].

3 Experimental setup

The LHCspin experimental setup is in R&D phase and calls for the development of a new genera-
tion polarised target. The starting point is the setup of the HERMES experiment at DESY [17] and
comprises three main components: an Atomic Beam Source (ABS), a Target Chamber (TC) and a
diagnostic system. The ABS consists of a dissociator with a cooled nozzle, a Stern-Gerlach appa-
ratus to focus the wanted hyperfine states, and adiabatic RF-transitions for setting and switching
the target polarisation between states of opposite sign. The ABS injects a beam of polarised H or
D into the TC, which is located into the LHC primary vacuum. The TC hosts a T-shaped openable
storage cell, sharing the SMOG2 design, and a dipole holding magnet, as shown in Fig. 4.

Marco Santimaria /13DIS 2021 11

Cell and magnet R&D

LHCspin

19/02/2021 1V. Carassiti - INFN Ferrara

PGT cell

19/02/2021 12

MAGNET INFO FOR THE CELL ACCESS

coils

V. Carassiti - INFN Ferrara

yoke

- MAGNET IN TWO SEPARATED COILS

- C SHAPE YOKE OR WITH A SIDE 
REMOVABLE PLATE 

• Same position of the SMOG2 cell 
( ), slightly larger volume

• Inject both polarised and 
unpolarised gas

30 � 1 cm2
• Compact SC dipole magnet 

 static transverse field
•
• polarity inversion
•

�
B = 300 mT

�B/B � 10 %

VELO 
vessel

Figure 4: The TC drawing with the magnet coils (orange) and the iron return yoke (blue)
enclosing the storage cell. The VELO vessel and detector box are shown in green and
grey, respectively.

The diagnostic system continuously analyses gas samples drawn from the TC and comprises
a target gas analyser to detect the molecular fraction, and thus the degree of dissociation, and
a Breit-Rabi polarimeter to measure the relative population of the injected hyperfine states. An
instantaneous luminosity of O(1032) cm�2s�1 is foreseen for pH collisions at Run 4.

4 Conclusion

The fixed-target physics program at LHC has been greatly enhanced with the recent installation
of the SMOG2 gas storage cell at LHCb. LHCspin is the natural evolution of SMOG2 and aims at
installing a polarised gas target to bring spin physics at LHC for the first time, opening a whole
new range of exploration. With strong interest and support from the international theoretical
community, LHCspin is a unique opportunity to advance our knowledge on several unexplored
QCD areas, complementing both existing facilities and the future Eletron-Ion Collider [18].

Funding information The project leading to this application has received funding from the INFN
(Italy) and the European Union’s Horizon 2020 research and innovation program.
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Project milestones

CD-0: mission need

CD-1: alternative selection, cost range 

CD-2 project baseline

CD-3: start of construction

CD-4: project completion, start of operation

EIC

Construction phase

Science phase
end of RHIC operations
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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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Exclusive processes at the EIC and LHC

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 ⌥)
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Hard exclusive meson production

Hard scale=large Q2
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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

2

(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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• 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

Hard exclusive meson production

Hard scale=large Q2

γ, ρ
,ω

,ϕ

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

2

(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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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

2

(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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Exclusive processes at the EIC and LHC
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gluons!
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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
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Hard exclusive meson production

Hard scale=large Q2

γ, ρ
,ω

,ϕ

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

              xB=10-3 at EIC in eA

down to xB=10-6 at LHC in pp

               xB=10-5 at LHC in pA

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.

y

xp

x
z

bΤ

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

2

(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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• Ability to trigger on low pT objects (pT > 400 MeV)
• Low(er) number of visible interactions cf. ATLAS, CMS 
• Forward coverage allows high W and low gluon x to be 

probed in photoproduction

(see also R. McNulty’s talk in this session)
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• particle identification
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High Rapidity Shower Counters at LHCb 
(HeRSCheL) JINST 13 (2018) P04017 

Installed for Run 2  (2015-2018) 

• low pT threshold: pT>400 MeV

• particle identification

• no detection around beam line but 

• low number of interactions

  per beam crossing: 1.1–1.5

• large coverage in rapidity
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Figure 1. Invariant mass distribution of dimuon candidates. The J/ψ and ψ(2S) mass windows
of the signal regions are indicated by the vertical lines.

The power of HeRSCheL to discriminate CEP events can be seen in figure 3, which

shows the distributions of χ2
HRC for three classes of low-multiplicity-triggered events. The

first class is CEP-enriched dimuons: events in the nonresonant dimuon sample with

p2T < 0.01GeV2, which has a purity of 97% for electromagnetic CEP events. The second

class, inelastic-enriched J/ψ , applies the nominal J/ψ selections but requires p2T > 1GeV2,

thus selecting inelastic events with proton dissociation. The third class consists of events

with more than four tracks reconstructed. Figure 3 shows that CEP-enriched events have

lower values of χ2
HRC. To select exclusive J/ψ and ψ(2S) candidates, it is required that

log(χ2
HRC) < 3.5; this value is chosen in order to minimise the combined statistical and

systematic uncertainty on the total cross-sections. After the event selections, there are

14 753 J/ψ signal candidates and 440 ψ(2S) signal candidates remaining.

The estimation of the signal efficiency, ϵH, for the requirement log(χ2
HRC) < 3.5 is

described in section 3.1. Using this, section 3.2 explains how the purity of the signal sample

is estimated. The signal efficiency of all selection requirements is detailed in section 3.3.

3.1 HeRSCheL efficiency of selecting signal events

The efficiency for the veto on HeRSCheL activity is estimated from data using the non-

resonant calibration sample. The fits to the p2T distributions in figure 2 give the numbers

of electromagnetic CEP events with and without the HeRSCheL veto. The ratio of these

gives the efficiency of the veto, which is determined to be ϵH = 0.723 ± 0.008. The signal

loss includes in particular a contribution from events where there is an additional primary

interaction only seen in the HeRSCheL detector, as well as spill-over from previous col-

lisions, electronic noise and calibration effects, as discussed in ref. [15]. This efficiency,

measured using the nonresonant sample, is applicable to any CEP process, with the same

veto, collected in this data-taking period.

– 4 –

= Bethe-Heitler process

JHEP 10 (2018) 167 

proton-proton collisions
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.

follow an exponential dependence, exp (bpdt), with bpd = 1.07 ± 0.11 GeV−2 for J/ψ and
bpd = 0.59 ± 0.17 GeV−2 for ψ (2S) [27]. For larger values of |t| a power law is required [8].

The values of b measured at HERA can be extrapolated to LHC energies using Regge
theory: b(W ) = b0 + 4α′ log(W/W0), with W0 = 90 GeV and α′ = 0.164 ± 0.041 GeV−2 [7]
for the elastic process while α′ = −0.014 ± 0.009 GeV−2 [27] for proton dissociation. This
predicts bs ≈ 6 GeV−2 and bpd ≈ 1 GeV−2 in the LHCb kinematic region.

After the non-resonant contribution has been subtracted using the side-bands indicated in
figure 3, and with the requirement of p2

T < 0.8 GeV2/c2 for the J/ψ and ψ (2S) removed, the
data are fitted to the function

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

where fs and fpd are the fractions of elastic and proton-dissociative production, respectively,
and ffd is the fraction of feed down fixed to that obtained in section 3.2. The shape of the
distribution for the feed-down contribution, Ffd, is taken from the data using χc → J/ψ γ

and ψ (2S) → J/ψ ππ candidates. The numbers N1, N2 and N3 normalize each of the three
functions to unity in the region p2

T < 0.8 GeV2/c2, while bs and bpd are free parameters.
The result of the fit for the J/ψ sample is shown in figure 4(a). The χ2/ndf of the fit is

115/96 and returns values of bs = 5.70 ± 0.11 GeV−2 and bpd = 0.97 ± 0.04 GeV−2. Below
p2

T = 0.8 GeV2/c2, the signal fraction is 0.597 ± 0.012 and correcting for the non-resonant
contribution gives an overall purity for the J/ψ sample of 0.592 ± 0.012. The result of the fit
for the ψ (2S) sample is shown in figure 4(b). The χ2/ndf of the fit is 11/16 and returns values
of bs = 5.1 ± 0.7 GeV−2 and bpd = 0.8 ± 0.2 GeV−2. Below p2

T = 0.8 GeV2/c2, the signal
fraction is 0.62 ± 0.08 and correcting for the non-resonant contribution gives an overall purity
for the ψ (2S) sample of 0.52 ± 0.07. In both cases, the values obtained for bs and bpd are in
agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parametrization describing the inelastic background. Doubling the range of the fit for
the ψ (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit for
the J/ψ candidates leads to a poor quality fit; a single exponential function does not
describe the background well. For large values of p2

T, the H1 collaboration introduced a
function of the form (1 + bpd p2

T/n)−n which interpolates between an exponential at low p2
T

and a power law at high p2
T [8]. Using this functional form and holding n = 3.58, as determined

12

signal fraction=0.62±0.08

} fit with exponential 
shape from data
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Figure 1. Invariant mass distribution of dimuon candidates. The J/ψ and ψ(2S) mass windows
of the signal regions are indicated by the vertical lines.

The power of HeRSCheL to discriminate CEP events can be seen in figure 3, which

shows the distributions of χ2
HRC for three classes of low-multiplicity-triggered events. The

first class is CEP-enriched dimuons: events in the nonresonant dimuon sample with

p2T < 0.01GeV2, which has a purity of 97% for electromagnetic CEP events. The second

class, inelastic-enriched J/ψ , applies the nominal J/ψ selections but requires p2T > 1GeV2,

thus selecting inelastic events with proton dissociation. The third class consists of events

with more than four tracks reconstructed. Figure 3 shows that CEP-enriched events have

lower values of χ2
HRC. To select exclusive J/ψ and ψ(2S) candidates, it is required that

log(χ2
HRC) < 3.5; this value is chosen in order to minimise the combined statistical and

systematic uncertainty on the total cross-sections. After the event selections, there are

14 753 J/ψ signal candidates and 440 ψ(2S) signal candidates remaining.

The estimation of the signal efficiency, ϵH, for the requirement log(χ2
HRC) < 3.5 is

described in section 3.1. Using this, section 3.2 explains how the purity of the signal sample

is estimated. The signal efficiency of all selection requirements is detailed in section 3.3.

3.1 HeRSCheL efficiency of selecting signal events

The efficiency for the veto on HeRSCheL activity is estimated from data using the non-

resonant calibration sample. The fits to the p2T distributions in figure 2 give the numbers

of electromagnetic CEP events with and without the HeRSCheL veto. The ratio of these

gives the efficiency of the veto, which is determined to be ϵH = 0.723 ± 0.008. The signal

loss includes in particular a contribution from events where there is an additional primary

interaction only seen in the HeRSCheL detector, as well as spill-over from previous col-

lisions, electronic noise and calibration effects, as discussed in ref. [15]. This efficiency,

measured using the nonresonant sample, is applicable to any CEP process, with the same

veto, collected in this data-taking period.
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.

follow an exponential dependence, exp (bpdt), with bpd = 1.07 ± 0.11 GeV−2 for J/ψ and
bpd = 0.59 ± 0.17 GeV−2 for ψ (2S) [27]. For larger values of |t| a power law is required [8].

The values of b measured at HERA can be extrapolated to LHC energies using Regge
theory: b(W ) = b0 + 4α′ log(W/W0), with W0 = 90 GeV and α′ = 0.164 ± 0.041 GeV−2 [7]
for the elastic process while α′ = −0.014 ± 0.009 GeV−2 [27] for proton dissociation. This
predicts bs ≈ 6 GeV−2 and bpd ≈ 1 GeV−2 in the LHCb kinematic region.

After the non-resonant contribution has been subtracted using the side-bands indicated in
figure 3, and with the requirement of p2

T < 0.8 GeV2/c2 for the J/ψ and ψ (2S) removed, the
data are fitted to the function

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

where fs and fpd are the fractions of elastic and proton-dissociative production, respectively,
and ffd is the fraction of feed down fixed to that obtained in section 3.2. The shape of the
distribution for the feed-down contribution, Ffd, is taken from the data using χc → J/ψ γ

and ψ (2S) → J/ψ ππ candidates. The numbers N1, N2 and N3 normalize each of the three
functions to unity in the region p2

T < 0.8 GeV2/c2, while bs and bpd are free parameters.
The result of the fit for the J/ψ sample is shown in figure 4(a). The χ2/ndf of the fit is

115/96 and returns values of bs = 5.70 ± 0.11 GeV−2 and bpd = 0.97 ± 0.04 GeV−2. Below
p2

T = 0.8 GeV2/c2, the signal fraction is 0.597 ± 0.012 and correcting for the non-resonant
contribution gives an overall purity for the J/ψ sample of 0.592 ± 0.012. The result of the fit
for the ψ (2S) sample is shown in figure 4(b). The χ2/ndf of the fit is 11/16 and returns values
of bs = 5.1 ± 0.7 GeV−2 and bpd = 0.8 ± 0.2 GeV−2. Below p2

T = 0.8 GeV2/c2, the signal
fraction is 0.62 ± 0.08 and correcting for the non-resonant contribution gives an overall purity
for the ψ (2S) sample of 0.52 ± 0.07. In both cases, the values obtained for bs and bpd are in
agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parametrization describing the inelastic background. Doubling the range of the fit for
the ψ (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit for
the J/ψ candidates leads to a poor quality fit; a single exponential function does not
describe the background well. For large values of p2

T, the H1 collaboration introduced a
function of the form (1 + bpd p2

T/n)−n which interpolates between an exponential at low p2
T

and a power law at high p2
T [8]. Using this functional form and holding n = 3.58, as determined

12

signal fraction=0.62±0.08

} fit with exponential 
shape from data
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Figure 1. Invariant mass distribution of dimuon candidates. The J/ψ and ψ(2S) mass windows
of the signal regions are indicated by the vertical lines.

The power of HeRSCheL to discriminate CEP events can be seen in figure 3, which

shows the distributions of χ2
HRC for three classes of low-multiplicity-triggered events. The

first class is CEP-enriched dimuons: events in the nonresonant dimuon sample with

p2T < 0.01GeV2, which has a purity of 97% for electromagnetic CEP events. The second

class, inelastic-enriched J/ψ , applies the nominal J/ψ selections but requires p2T > 1GeV2,

thus selecting inelastic events with proton dissociation. The third class consists of events

with more than four tracks reconstructed. Figure 3 shows that CEP-enriched events have

lower values of χ2
HRC. To select exclusive J/ψ and ψ(2S) candidates, it is required that

log(χ2
HRC) < 3.5; this value is chosen in order to minimise the combined statistical and

systematic uncertainty on the total cross-sections. After the event selections, there are

14 753 J/ψ signal candidates and 440 ψ(2S) signal candidates remaining.

The estimation of the signal efficiency, ϵH, for the requirement log(χ2
HRC) < 3.5 is

described in section 3.1. Using this, section 3.2 explains how the purity of the signal sample

is estimated. The signal efficiency of all selection requirements is detailed in section 3.3.

3.1 HeRSCheL efficiency of selecting signal events

The efficiency for the veto on HeRSCheL activity is estimated from data using the non-

resonant calibration sample. The fits to the p2T distributions in figure 2 give the numbers

of electromagnetic CEP events with and without the HeRSCheL veto. The ratio of these

gives the efficiency of the veto, which is determined to be ϵH = 0.723 ± 0.008. The signal

loss includes in particular a contribution from events where there is an additional primary

interaction only seen in the HeRSCheL detector, as well as spill-over from previous col-

lisions, electronic noise and calibration effects, as discussed in ref. [15]. This efficiency,

measured using the nonresonant sample, is applicable to any CEP process, with the same

veto, collected in this data-taking period.
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.

follow an exponential dependence, exp (bpdt), with bpd = 1.07 ± 0.11 GeV−2 for J/ψ and
bpd = 0.59 ± 0.17 GeV−2 for ψ (2S) [27]. For larger values of |t| a power law is required [8].

The values of b measured at HERA can be extrapolated to LHC energies using Regge
theory: b(W ) = b0 + 4α′ log(W/W0), with W0 = 90 GeV and α′ = 0.164 ± 0.041 GeV−2 [7]
for the elastic process while α′ = −0.014 ± 0.009 GeV−2 [27] for proton dissociation. This
predicts bs ≈ 6 GeV−2 and bpd ≈ 1 GeV−2 in the LHCb kinematic region.

After the non-resonant contribution has been subtracted using the side-bands indicated in
figure 3, and with the requirement of p2

T < 0.8 GeV2/c2 for the J/ψ and ψ (2S) removed, the
data are fitted to the function

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

where fs and fpd are the fractions of elastic and proton-dissociative production, respectively,
and ffd is the fraction of feed down fixed to that obtained in section 3.2. The shape of the
distribution for the feed-down contribution, Ffd, is taken from the data using χc → J/ψ γ

and ψ (2S) → J/ψ ππ candidates. The numbers N1, N2 and N3 normalize each of the three
functions to unity in the region p2

T < 0.8 GeV2/c2, while bs and bpd are free parameters.
The result of the fit for the J/ψ sample is shown in figure 4(a). The χ2/ndf of the fit is

115/96 and returns values of bs = 5.70 ± 0.11 GeV−2 and bpd = 0.97 ± 0.04 GeV−2. Below
p2

T = 0.8 GeV2/c2, the signal fraction is 0.597 ± 0.012 and correcting for the non-resonant
contribution gives an overall purity for the J/ψ sample of 0.592 ± 0.012. The result of the fit
for the ψ (2S) sample is shown in figure 4(b). The χ2/ndf of the fit is 11/16 and returns values
of bs = 5.1 ± 0.7 GeV−2 and bpd = 0.8 ± 0.2 GeV−2. Below p2

T = 0.8 GeV2/c2, the signal
fraction is 0.62 ± 0.08 and correcting for the non-resonant contribution gives an overall purity
for the ψ (2S) sample of 0.52 ± 0.07. In both cases, the values obtained for bs and bpd are in
agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parametrization describing the inelastic background. Doubling the range of the fit for
the ψ (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit for
the J/ψ candidates leads to a poor quality fit; a single exponential function does not
describe the background well. For large values of p2

T, the H1 collaboration introduced a
function of the form (1 + bpd p2

T/n)−n which interpolates between an exponential at low p2
T

and a power law at high p2
T [8]. Using this functional form and holding n = 3.58, as determined

12
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To compare with theoretical predictions, which are generally expressed with-

out fiducial requirements on the muons, the differential cross-sections for J/ψ and

ψ(2S) mesons as functions of the meson rapidity are calculated by correcting for

the branching fractions to muon pairs, B(J/ψ → µ+µ−) = (5.961 ± 0.033)% and

B(ψ(2S) → µ+µ−) = (0.79± 0.09)% [25], and for the fraction of those muons that fall in-

side the fiducial acceptance of the measurement. The fiducial acceptance is determined

using SuperCHIC [19] assuming that the polarisation of the meson is the same as that of

the photon. The acceptance values in bins of meson rapidity are tabulated in table 4 along

with the differential cross-section results. These are plotted in figure 5 and compared to

the theoretical calculations of refs. [28, 29]. Both measurements are in better agreement

with the next-to-LO (NLO) predictions. The χ2/ndf for the J/ψ analysis is 8.1/10 while

for the ψ(2S) analysis, it is 3.0/3. They are less consistent with the LO predictions having

28.5/10 and 11.0/3 for the J/ψ and ψ(2S) analysis, respectively.

The cross-section for the CEP of vector mesons in pp collisions is related to the pho-

toproduction cross-section, σγp→ψp [28],

σpp→pψp = r(W+)k+
dn

dk+
σγp→ψp(W+) + r(W−)k−

dn

dk−
σγp→ψp(W−). (6.1)

Here, r is the gap survival factor, k± ≡ Mψ/2e±y is the photon energy, dn/dk± is the

photon flux and W 2
± = 2k±

√
s is the invariant mass of the photon-proton system. Equa-

tion (6.1) shows that there is a two-fold ambiguity with W+,W− both contributing to one

LHCb rapidity bin. Since the W− solution contributes about one third and as it has been

previously measured at HERA, this term is fixed using the H1 parametrisation of their

results [5]: σγp→J/ψp = a(W/90GeV)δ with a = 81 ± 3 pb and δ = 0.67 ± 0.03. For the

ψ(2S) W− solution, the H1 J/ψ parametrisation is scaled by 0.166, their measured ratio of

ψ(2S) to J/ψ cross-sections [8]. The photon flux is taken from ref. [30] and the gap survival

probabilities are taken from ref. [31]. With these inputs, which for ease of calculation are

reproduced in tables 7 and 8 in the appendix, eq. (6.1) allows the calculation of σγp→ψp at

high values of W beyond the kinematic reach of HERA.

The photoproduction cross-sections for J/ψ and ψ(2S) are shown in figure 6. It includes

a comparison to H1 [5], ZEUS [7] and ALICE [10] results, and at lower W values fixed

target data from E401 [2], E516 [3] and E687 [4]. Also shown are previous LHCb results

at
√
s = 7TeV, recalculated using improved photon flux and gap survival factors. The

13TeV LHCb data are in agreement with the 7TeV results in the kinematic region where

they overlap. However, the 13TeV data extends the W reach to almost 2TeV. Figure 6

also shows the power-law fit to H1 data [5] and it can be seen that this is insufficient to

describe the J/ψ data at the highest energies. In contrast, the data is in good agreement

with the JMRT prediction, which takes account of most of the NLO QCD effects [31] and

deviates from a simple power-law shape at high W .

7 Conclusions

Measurements are presented of the cross-sections times branching fractions for exclusive

J/ψ and ψ(2S) mesons decaying to muons with pseudorapidities between 2.0 and 4.5. The

– 14 –

relation pp and 𝜸p cross section:

• r = gap survival factor

k± =
M 

2
e±y
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•                        = photon energy

dn

dk±
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•                             = 𝜸p invariant massW 2
± = 2k±

p
s
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to the steel or tungsten absorber plates. Afterwards the modules will be self-supporting within the outer
support frame. The steel in the LFHCAL serves as flux return for the BaBar magnet, thus a significant force
is exerted on the calorimeter, which needs to be compensated for by the frame and internal support structure.
The achieved energy resolution accoding to the simulations for both calorimeters can be found in Fig. 2.19.
The required resolutions can be met in both cases and further improvements can be expected using machine
learning for the clusterization which proves challenging in this direction. The excellent position resolution
in the FEMC should in addition allow the effective separation of electrons and pions as well neutral pion
decays, as seen in Fig. 2.20. The projected performance meets the physics requirements by the eA diffractive
J/y production and the u-Channel DVCS, as well as meson (pion/kaon) structure function measurements
through the Sullivan process.

2.6 Far-Forward/Far-Backward Detectors

A schematic of the far-forward detectors is shown in Figure 2.23 and include the B0 spectrometer, off-
momentum trackers, Roman Pots and ZDC (see Table 2.6 for position and dimensions). The far-backward
region consists of two detector systems (low-Q2 tagger and luminosity monitor). All far-forward/far-
backward detectors are required for the EIC physics as described in the Yellow Report. The following
describes their setup and performance. For further details, see Ref. [30].

Figure 2.23: The layout of the EIC Far-Forward region.

2.6.1 B0 Detector
The B0 spectrometer is located inside B0pf dipole magnet. Its main use is to measure forward going
hadrons and photons for exclusive reactions. The B0 acceptance is defined by the B0pf magnet. Its design is
challenging due to the two beam pipes (electron and hadron) that it needs to accommodate and the fact that
they are not parallel to each other due to the 0.025 mrad IP6 crossing angle. Moreover, the service access to
the detectors inside of the dipole is only possible from the IP side, where the distance between the beam
pipes is narrowest. Following these limitations the B0 detector require using compact and efficient detection
technologies.

Our design uses four AC-LGAD tracker layers with 30 cm spacing between each layer. They will provide
charged particle detection for 6 < q < 22.5 mrad. The use of AC-LGAD sensors will allow good position
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Figure 3.6: Top: Example of the expected uncertainties of the Sivers asymmetries in a few selected kinematic
bins as a function of z. Bottom: Up quark Sivers function in bins of x as a function of intrinsic momentum kt. The
orange-shaded areas represent the current uncertainty, while the blue-shaded areas are the uncertainties when
including the ECCE pseudo-data.
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Figure 3.7: Acceptance for DVCS protons as a function of t in the far-forward detectors for different beam energy
configurations. The inserts show the t�distributions of generated events.

different bins in xV = (Q2 + M2
V)/(2 p · q), the x-Bjorken equivalent scale variable for heavy mesons.
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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.

S. ACHARYA et al. PHYS. REV. D 108, 112004 (2023)

112004-10

12

pp

pPb

GPD H
Phys. Rev. D 108 (’23) 112004

J/ψ photoproduction cross section



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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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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Fig. 31. DVCS photon acceptance in the backward (green), barrel (blue), and forward
(gray) ECAL’s, as a function of pseudorapidity. The red dotted line shows the
distribution of (generated) DVCS photons.

B0 detector was encoded in the simulation, allowing for accurate mod-
eling of the geometric acceptance directly in the Fun4All simulation.
However, the Roman Pot beam pipe cutout was not included in the
Fun4All software. Hits in the B0 were therefore selected directly, based
on which layers were hit first per event. Geometric cuts of ±5 cm in x

(detector horizontal plane) and ±1 cm in y (detector horizontal plane)
were applied to the center of both Roman Pots in the analysis of the
Fun4All output, to remove events which would have otherwise been
lost down the beam pipe into the beam dump. For the results shown
here, the analysis used ‘‘truth’’ momentum values, as currently there
was no reconstruction of momentum from the far forward detectors. For
each hit in the B0 detector planes or Roman Pots, the Geant4 particle
ID was used to select the detected protons. To simulate the expected
level of response of the detector, the ‘‘truth’’ momentum of the detected
protons was smeared by 1%. For these studies, position resolution
effects were not studied and the proton directions were kept intact.
This smearing level was selected as it is consistent with the proposed
detector technology, AC-LGAD, and its expected segmentation.

4.4.2. Results
The results shown here present the acceptances of ep-DVCS pho-

tons and protons, which enabled us to assess the accessible *t range
with the ECCE detector, required for nucleon imaging purposes. The
uncertainties shown in this study are only statistical for 10 fb*1 in-
tegrated luminosity. The resulting projected differential cross-section
measurements are also given. In the case of ep-DVCS, the *t variable
can be calculated using two different methods. The first one is based
solely on reconstruction from e

® + �, while the second corresponds to
the more standard definition, which is t = (p * p

®)2. During the study,
both methods gave comparable results. We chose to complete the study
with the latter method because the former is subject to significant
radiation correction which is poorly understood at the current stage
(larger uncertainty at certain kinematics regions).

Simulation of the current detector configuration exhibits good per-
formance for photon detection. Fig. 31 presents the acceptance as a
function of ⌘ of the real photon for the highest beam setup of 18 ù 275.
The acceptance is defined as the ratio of reconstructed photons in
the calorimeters to the number of generated photons in the MILOU3D
generator.

Contrary to the photon acceptance, which exhibits similar behavior
from the lowest to the highest beam configurations (the minimum
energy of DVCS photons must be much higher than the detection
limit of the calorimeters), in the proton case the acceptance is very
sensitive to the beam energies. The recoil proton acceptances of the
B0 spectrometer and Roman Pots for different energy configurations as
a function of the momentum transfer to the proton t = (p * p

®)2, for

Fig. 32. Acceptance for DVCS protons as a function of *t in the far-forward detectors
for different beam energy configurations. The inserts show the *t distributions of
generated events.

Fig. 33. Projected DVCS differential cross-section measurements as a function of the
momentum transfer *t for different bins in Q

2 and x
B
. The assumed integrated

luminosity is 10 fb*1 for each beam energy configuration.

each energy configuration studied, are shown in Fig. 32. The resulting
*t acceptance is shown to be very wide, continuous, and extends to
low-t. Such a wide coverage is essential for the precision extraction of
the transverse position distributions of quarks and gluons inside the
nucleon. It is also worth noting, that for the highest beam setup, the
minimal *t value is limited by the beam size and the mandatory gap
between Roman Pots and the beam.

The full exploration of nucleon GPDs will require multi-dimensional
measurements of the ep-DVCS differential cross-section in Q

2, x
B
, t

and the azimuthal angle � between the lepton and hadron planes in
the initial hadron rest frame. Fig. 33 shows the projected precision
and coverage of ep-DVCS differential cross-section measurements for
several beam energy configurations and in multi-dimensional bins of
Q

2, x
B
and t, whilst due to the aforementioned MILOU3D limitation

the � dependence is integrated. The uncertainties of the differential
cross-section are based on the expected integrated luminosity of L = 10
fb*1.

4.4.3. Summary
To summarize, our study shows that the ECCE detector is suit-

able to deliver a wide Q
2 and x

B
coverage for the ep-DVCS process

22

EIC: multidifferential in xB, t, Q2

DVCS
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Exclusive measurements on the proton at the LHC and the EIC

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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Polarisation and angles

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four parton helicity-flip twist-2 GPDs

ẼT (x, ⇠, t)

ET (x, ⇠, t)

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)

• for spin-1/2 hadron:
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• for spin-1/2 hadron:
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Fig. 1. Definition of angles in the process eN ! e⇢0N !
e⇡+⇡�N . Here, � is the angle between the ⇢0 production
plane and the lepton scattering plane in the CM system of
virtual photon and target nucleon. The variables ✓ and � are
respectively the polar and azimuthal angles of the decay ⇡+

in the ⇢0-meson rest frame, with the z axis being anti-parallel
to the outgoing nucleon momentum. The XZ and xz planes
both contain the �⇤ and ⇢0 three-momenta.

2.2 Definition of angles and coordinate systems

The angles used for the description of the process are
defined in the same way as in Ref. [16], according to
Ref. [29], and are presented in Fig. 1. According to Ref. [4],
the right-handed “hadronic CM system” of coordinates
XY Z of virtual photon and target nucleon is defined such
that the Z-axis is aligned along the virtual-photon three-
momentum q and the Y -axis is parallel to q⇥v, where v
is the ⇢0-meson three-momentum. The angle � is the an-
gle between the ⇢0-meson production plane (XZ plane,
which coincides with the nucleon scattering plane) and
the lepton scattering plane in the CM system. The an-
gles ✓ and � are defined in the right-handed xyz system
of coordinates (see Fig. 1) that represents the ⇢0-meson
rest frame. The y axis coincides with the Y axis. The
angle ✓ is the polar angle of the decay ⇡

+-meson three-
momentum with respect to the z axis, where the latter is
aligned opposite to the direction of the momentum of the
outgoing nucleon. The azimuthal angle of the ⇡+ momen-
tum with respect to the ⇢0-meson production plane in the
CM system is denoted �. In the HERMES experiment,
the vector P T of the target polarization is orthogonal
to the beam direction. The angle between the directions
of the transverse part (with respect to the beam) of the
scattered electron momentum and P T is denoted by  

and is defined in the target rest frame.

2.3 Natural and unnatural-parity-exchange helicity
amplitudes

The helicity amplitudes F�V �0
N���N

describing exclusive
⇢
0-meson production by the virtual photon are here de-

fined in the hadronic CM system [4]. These helicity am-

plitudes can be expressed as scalar products of the matrix
element of the electromagnetic current vector J and the

virtual-photon polarization vector e
(��)
 :

F�V �0
N���N

= (�1)�� hv�V p
0
�
0
N |J


|p�N ie

(��)
 , (9)

where a summation over the Lorentz index  is performed.

Here, e(±1)
 and e

(0)
 indicate transverse and longitudinal

polarization of the virtual photon in the CM system, re-
spectively:

e
(±1) = (e(±1)

0 , e
(±1)
X , e

(±1)
Y , e

(±1)
Z ) = (0,⌥

1
p
2
,�

i
p
2
, 0) ,

e
(0) = (e(0)0 , e

(0)
X , e

(0)
Y , e

(0)
Z ) =

1

Q
(qZ , 0, 0, q0), (10)

where q0 and qZ are the energy and the Z component
of the three-momentum of the virtual photon in the CM
system given by

q0 =
M⌫ �Q

2

W
, qZ =

M

p
⌫2 +Q2

W
. (11)

The ket vector |p�N i corresponds to the initial nucleon
and the bra vector hv�V p

0
�
0
N | represents the final state

consisting of a ⇢0 meson and the scattered nucleon.
Any helicity amplitude F�V �0

N���N
can be decom-

posed into the sum of an amplitude T�V �0
N���N

for natu-
ral-parity exchange (NPE) and an amplitude U�V �0

N���N

for unnatural-parity exchange (UPE) [4–6]:

F�V �0
N���N

= T�V �0
N���N

+ U�V �0
N���N

, (12)

where the NPE and UPE amplitudes are defined as

T�V �0
N���N

=
1

2
[F�V �0

N���N
+ (�1)�N��0

NF�V ��0
N����N

], (13)

U�V �0
N���N

=
1

2
[F�V �0

N���N
� (�1)�N��0

NF�V ��0
N����N

]. (14)

These amplitudes by their definition obey the symmetry
relations

T�V �0
N���N

= (�1)�
0
N��NT�V ��0

N����N
, (15)

U�V �0
N���N

= �(�1)�
0
N��NU�V ��0

N����N
. (16)

Equations (15) and (16) permit the introduction of the
following abbreviated notations for the amplitudes:

T
(1)
�V ��

⌘ T�V
1
2��

1
2
= T�V � 1

2��� 1
2
, (17)

U
(1)
�V ��

⌘ U�V
1
2��

1
2
= �U�V � 1

2��� 1
2
, (18)

which are diagonal with respect to the nucleon helicity
(�N = �

0
N ), and

T
(2)
�V ��

⌘ T�V
1
2��� 1

2
= �T�V � 1

2��
1
2
, (19)

U
(2)
�V ��

⌘ U�V
1
2��� 1

2
= U�V � 1

2��
1
2

(20)
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

modulus is fit so that the two crosses represent the results of fitting one free parameter. The value of Im{t(1)11 } (open diamond)
represents the result of Ref. [26]; the error bar shows the total uncertainty. For all other points, the inner error bars represent the
statistical uncertainty, while the outer ones represent statistical and systematic uncertainties added in quadrature. An additional
scale uncertainty of 8% originating from the uncertainty on the target polarization is present for the ratios t(2)�V ��

, u(2)
�V ��

, but

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
Im{t(1)�V ��

}, Re{t(2)�V ��
} and Re{u(2)

�V ��
}, but also not shown. The shaded area corresponds to results that were also obtained

in Ref. [26], while all other points are obtained for the first time. The helicity-amplitude ratios are ordered according to the
SDME classes proposed in Refs. [16, 37].

was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

As seen from the figures, there is reasonable agree-
ment between SDMEs obtained with the SDME method
and those from the amplitude method. It is possible that
the values of the SDMEs obtained in these two methods
do not coincide, becasue the parameter space for SDMEs
in the SDME method is di↵erent from that in the am-
plitude method. Indeed, the SDMEs should belong to a
special region in the 71-dimensional real space to give
a non-negative angular distribution. However, at present
the equations determining the boundaries of this region
are unknown. The physical SDMEs can be represented in
terms of 17 helicity-amplitude ratios. This restricts the
region in the 71-dimensional space. This requirement is

not taken into account in the SDME method, but it sup-
presses statistical fluctuations especially when a SDME
value is close to the boundary of the allowed region. Note
that the positivity requirement on the angular distribu-
tion is inherent to the amplitude method, while it is not
to the SDME method, where it is usually imposed artifi-
cially.

5.3 Comparison to amplitudes calculated in a
GPD-based handbag model

Within the handbag approach (see, e.g., Refs. [15, 46]),
the amplitudes for �

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-
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Fig. 1. Definition of angles in the process eN ! e⇢0N !
e⇡+⇡�N . Here, � is the angle between the ⇢0 production
plane and the lepton scattering plane in the CM system of
virtual photon and target nucleon. The variables ✓ and � are
respectively the polar and azimuthal angles of the decay ⇡+

in the ⇢0-meson rest frame, with the z axis being anti-parallel
to the outgoing nucleon momentum. The XZ and xz planes
both contain the �⇤ and ⇢0 three-momenta.

2.2 Definition of angles and coordinate systems

The angles used for the description of the process are
defined in the same way as in Ref. [16], according to
Ref. [29], and are presented in Fig. 1. According to Ref. [4],
the right-handed “hadronic CM system” of coordinates
XY Z of virtual photon and target nucleon is defined such
that the Z-axis is aligned along the virtual-photon three-
momentum q and the Y -axis is parallel to q⇥v, where v
is the ⇢0-meson three-momentum. The angle � is the an-
gle between the ⇢0-meson production plane (XZ plane,
which coincides with the nucleon scattering plane) and
the lepton scattering plane in the CM system. The an-
gles ✓ and � are defined in the right-handed xyz system
of coordinates (see Fig. 1) that represents the ⇢0-meson
rest frame. The y axis coincides with the Y axis. The
angle ✓ is the polar angle of the decay ⇡

+-meson three-
momentum with respect to the z axis, where the latter is
aligned opposite to the direction of the momentum of the
outgoing nucleon. The azimuthal angle of the ⇡+ momen-
tum with respect to the ⇢0-meson production plane in the
CM system is denoted �. In the HERMES experiment,
the vector P T of the target polarization is orthogonal
to the beam direction. The angle between the directions
of the transverse part (with respect to the beam) of the
scattered electron momentum and P T is denoted by  

and is defined in the target rest frame.

2.3 Natural and unnatural-parity-exchange helicity
amplitudes

The helicity amplitudes F�V �0
N���N

describing exclusive
⇢
0-meson production by the virtual photon are here de-

fined in the hadronic CM system [4]. These helicity am-

plitudes can be expressed as scalar products of the matrix
element of the electromagnetic current vector J and the

virtual-photon polarization vector e
(��)
 :

F�V �0
N���N

= (�1)�� hv�V p
0
�
0
N |J


|p�N ie

(��)
 , (9)

where a summation over the Lorentz index  is performed.

Here, e(±1)
 and e

(0)
 indicate transverse and longitudinal

polarization of the virtual photon in the CM system, re-
spectively:

e
(±1) = (e(±1)

0 , e
(±1)
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Z ) = (0,⌥

1
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(0)
Z ) =

1

Q
(qZ , 0, 0, q0), (10)

where q0 and qZ are the energy and the Z component
of the three-momentum of the virtual photon in the CM
system given by

q0 =
M⌫ �Q

2

W
, qZ =

M

p
⌫2 +Q2

W
. (11)

The ket vector |p�N i corresponds to the initial nucleon
and the bra vector hv�V p

0
�
0
N | represents the final state

consisting of a ⇢0 meson and the scattered nucleon.
Any helicity amplitude F�V �0

N���N
can be decom-

posed into the sum of an amplitude T�V �0
N���N

for natu-
ral-parity exchange (NPE) and an amplitude U�V �0

N���N

for unnatural-parity exchange (UPE) [4–6]:

F�V �0
N���N

= T�V �0
N���N

+ U�V �0
N���N

, (12)

where the NPE and UPE amplitudes are defined as
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], (13)
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� (�1)�N��0
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]. (14)

These amplitudes by their definition obey the symmetry
relations
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, (15)
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. (16)

Equations (15) and (16) permit the introduction of the
following abbreviated notations for the amplitudes:

T
(1)
�V ��

⌘ T�V
1
2��

1
2
= T�V � 1

2��� 1
2
, (17)

U
(1)
�V ��

⌘ U�V
1
2��

1
2
= �U�V � 1

2��� 1
2
, (18)

which are diagonal with respect to the nucleon helicity
(�N = �

0
N ), and

T
(2)
�V ��

⌘ T�V
1
2��� 1

2
= �T�V � 1

2��
1
2
, (19)

U
(2)
�V ��

⌘ U�V
1
2��� 1

2
= U�V � 1

2��
1
2

(20)
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

modulus is fit so that the two crosses represent the results of fitting one free parameter. The value of Im{t(1)11 } (open diamond)
represents the result of Ref. [26]; the error bar shows the total uncertainty. For all other points, the inner error bars represent the
statistical uncertainty, while the outer ones represent statistical and systematic uncertainties added in quadrature. An additional
scale uncertainty of 8% originating from the uncertainty on the target polarization is present for the ratios t(2)�V ��

, u(2)
�V ��

, but

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
Im{t(1)�V ��

}, Re{t(2)�V ��
} and Re{u(2)

�V ��
}, but also not shown. The shaded area corresponds to results that were also obtained

in Ref. [26], while all other points are obtained for the first time. The helicity-amplitude ratios are ordered according to the
SDME classes proposed in Refs. [16, 37].

was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

As seen from the figures, there is reasonable agree-
ment between SDMEs obtained with the SDME method
and those from the amplitude method. It is possible that
the values of the SDMEs obtained in these two methods
do not coincide, becasue the parameter space for SDMEs
in the SDME method is di↵erent from that in the am-
plitude method. Indeed, the SDMEs should belong to a
special region in the 71-dimensional real space to give
a non-negative angular distribution. However, at present
the equations determining the boundaries of this region
are unknown. The physical SDMEs can be represented in
terms of 17 helicity-amplitude ratios. This restricts the
region in the 71-dimensional space. This requirement is

not taken into account in the SDME method, but it sup-
presses statistical fluctuations especially when a SDME
value is close to the boundary of the allowed region. Note
that the positivity requirement on the angular distribu-
tion is inherent to the amplitude method, while it is not
to the SDME method, where it is usually imposed artifi-
cially.

5.3 Comparison to amplitudes calculated in a
GPD-based handbag model

Within the handbag approach (see, e.g., Refs. [15, 46]),
the amplitudes for �

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-
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Polarisation and angles

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four parton helicity-flip twist-2 GPDs

ẼT (x, ⇠, t)

ET (x, ⇠, t)

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)

• for spin-1/2 hadron:

4

ρo

ρo

Φ φ

e
e

lepton

N N
*

ρo

π
+

γ

π

θ

Nz

xy

+

π

π−

−

φ

Z
Y X

scattering plane

 decay plane

 production plane

Fig. 1. Definition of angles in the process eN ! e⇢0N !
e⇡+⇡�N . Here, � is the angle between the ⇢0 production
plane and the lepton scattering plane in the CM system of
virtual photon and target nucleon. The variables ✓ and � are
respectively the polar and azimuthal angles of the decay ⇡+

in the ⇢0-meson rest frame, with the z axis being anti-parallel
to the outgoing nucleon momentum. The XZ and xz planes
both contain the �⇤ and ⇢0 three-momenta.

2.2 Definition of angles and coordinate systems

The angles used for the description of the process are
defined in the same way as in Ref. [16], according to
Ref. [29], and are presented in Fig. 1. According to Ref. [4],
the right-handed “hadronic CM system” of coordinates
XY Z of virtual photon and target nucleon is defined such
that the Z-axis is aligned along the virtual-photon three-
momentum q and the Y -axis is parallel to q⇥v, where v
is the ⇢0-meson three-momentum. The angle � is the an-
gle between the ⇢0-meson production plane (XZ plane,
which coincides with the nucleon scattering plane) and
the lepton scattering plane in the CM system. The an-
gles ✓ and � are defined in the right-handed xyz system
of coordinates (see Fig. 1) that represents the ⇢0-meson
rest frame. The y axis coincides with the Y axis. The
angle ✓ is the polar angle of the decay ⇡

+-meson three-
momentum with respect to the z axis, where the latter is
aligned opposite to the direction of the momentum of the
outgoing nucleon. The azimuthal angle of the ⇡+ momen-
tum with respect to the ⇢0-meson production plane in the
CM system is denoted �. In the HERMES experiment,
the vector P T of the target polarization is orthogonal
to the beam direction. The angle between the directions
of the transverse part (with respect to the beam) of the
scattered electron momentum and P T is denoted by  

and is defined in the target rest frame.

2.3 Natural and unnatural-parity-exchange helicity
amplitudes

The helicity amplitudes F�V �0
N���N

describing exclusive
⇢
0-meson production by the virtual photon are here de-

fined in the hadronic CM system [4]. These helicity am-

plitudes can be expressed as scalar products of the matrix
element of the electromagnetic current vector J and the

virtual-photon polarization vector e
(��)
 :

F�V �0
N���N

= (�1)�� hv�V p
0
�
0
N |J


|p�N ie

(��)
 , (9)

where a summation over the Lorentz index  is performed.

Here, e(±1)
 and e

(0)
 indicate transverse and longitudinal

polarization of the virtual photon in the CM system, re-
spectively:

e
(±1) = (e(±1)

0 , e
(±1)
X , e

(±1)
Y , e

(±1)
Z ) = (0,⌥

1
p
2
,�

i
p
2
, 0) ,

e
(0) = (e(0)0 , e

(0)
X , e

(0)
Y , e

(0)
Z ) =

1

Q
(qZ , 0, 0, q0), (10)

where q0 and qZ are the energy and the Z component
of the three-momentum of the virtual photon in the CM
system given by

q0 =
M⌫ �Q

2

W
, qZ =

M

p
⌫2 +Q2

W
. (11)

The ket vector |p�N i corresponds to the initial nucleon
and the bra vector hv�V p

0
�
0
N | represents the final state

consisting of a ⇢0 meson and the scattered nucleon.
Any helicity amplitude F�V �0

N���N
can be decom-

posed into the sum of an amplitude T�V �0
N���N

for natu-
ral-parity exchange (NPE) and an amplitude U�V �0

N���N

for unnatural-parity exchange (UPE) [4–6]:

F�V �0
N���N

= T�V �0
N���N

+ U�V �0
N���N

, (12)

where the NPE and UPE amplitudes are defined as

T�V �0
N���N

=
1

2
[F�V �0

N���N
+ (�1)�N��0

NF�V ��0
N����N

], (13)

U�V �0
N���N

=
1

2
[F�V �0

N���N
� (�1)�N��0

NF�V ��0
N����N

]. (14)

These amplitudes by their definition obey the symmetry
relations

T�V �0
N���N

= (�1)�
0
N��NT�V ��0

N����N
, (15)

U�V �0
N���N

= �(�1)�
0
N��NU�V ��0

N����N
. (16)

Equations (15) and (16) permit the introduction of the
following abbreviated notations for the amplitudes:

T
(1)
�V ��

⌘ T�V
1
2��

1
2
= T�V � 1

2��� 1
2
, (17)

U
(1)
�V ��

⌘ U�V
1
2��

1
2
= �U�V � 1

2��� 1
2
, (18)

which are diagonal with respect to the nucleon helicity
(�N = �

0
N ), and

T
(2)
�V ��

⌘ T�V
1
2��� 1

2
= �T�V � 1

2��
1
2
, (19)

U
(2)
�V ��

⌘ U�V
1
2��� 1

2
= U�V � 1

2��
1
2

(20)
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

modulus is fit so that the two crosses represent the results of fitting one free parameter. The value of Im{t(1)11 } (open diamond)
represents the result of Ref. [26]; the error bar shows the total uncertainty. For all other points, the inner error bars represent the
statistical uncertainty, while the outer ones represent statistical and systematic uncertainties added in quadrature. An additional
scale uncertainty of 8% originating from the uncertainty on the target polarization is present for the ratios t(2)�V ��

, u(2)
�V ��

, but

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
Im{t(1)�V ��

}, Re{t(2)�V ��
} and Re{u(2)

�V ��
}, but also not shown. The shaded area corresponds to results that were also obtained

in Ref. [26], while all other points are obtained for the first time. The helicity-amplitude ratios are ordered according to the
SDME classes proposed in Refs. [16, 37].

was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

As seen from the figures, there is reasonable agree-
ment between SDMEs obtained with the SDME method
and those from the amplitude method. It is possible that
the values of the SDMEs obtained in these two methods
do not coincide, becasue the parameter space for SDMEs
in the SDME method is di↵erent from that in the am-
plitude method. Indeed, the SDMEs should belong to a
special region in the 71-dimensional real space to give
a non-negative angular distribution. However, at present
the equations determining the boundaries of this region
are unknown. The physical SDMEs can be represented in
terms of 17 helicity-amplitude ratios. This restricts the
region in the 71-dimensional space. This requirement is

not taken into account in the SDME method, but it sup-
presses statistical fluctuations especially when a SDME
value is close to the boundary of the allowed region. Note
that the positivity requirement on the angular distribu-
tion is inherent to the amplitude method, while it is not
to the SDME method, where it is usually imposed artifi-
cially.

5.3 Comparison to amplitudes calculated in a
GPD-based handbag model

Within the handbag approach (see, e.g., Refs. [15, 46]),
the amplitudes for �

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-
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Exclusive production of -meson pair in UPCs: 

probe different types of GPDs and access to variety of hard scales.
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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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Coherent production

Nuclear GPDs (PDFs at low xB)

Probing saturation

x
B
f
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Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .

65

remove

factor 20

splitting recombination

Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
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velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
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Boost

Figure 3.6: A large nucleus before and after an ultra-relativistic boost.

function. As one can see from Fig. 3.6, af-
ter the boost, the nucleons, as “seen” by the
small-x gluons with large longitudinal wave-
length, appear to overlap with each other in
the transverse plane, leading to high parton
density. A large occupation number of color
charges (partons) leads to a classical gluon
field dominating the small-x wave-function
of the nucleus. This is the essence of the
McLerran-Venugopalan (MV) model [158].
According to the MV model, the dominant
gluon field is given by the solution of the
classical Yang-Mills equations, which are the
QCD analogue of Maxwell equations of elec-
trodynamics.

The Yang-Mills equations were solved for
a single nucleus exactly [159, 160]; their so-
lution was used to construct an unintegrated
gluon distribution (gluon TMD) �(x, k2T )
shown in Fig. 3.7 (multiplied by the phase
space factor of the gluon’s transverse mo-
mentum kT ) as a function of kT .4 Fig. 3.7
demonstrates the emergence of the satu-
ration scale Qs. The majority of gluons
in this classical distribution have transverse
momentum kT ⇡ Qs. Note that the gluon
distribution slows down its growth with de-
creasing kT for kT < Qs (from a power-law
of kT to a logarithm, as can be shown by
explicit calculations). The distribution sat-
urates, justifying the name of the saturation
scale.

The gluon field arises from all the nucle-
ons in the nucleus at a given location in the
transverse plane (impact parameter). Away
from the edges, the nucleon density in the
nucleus is approximately constant. There-
fore, the number of nucleons at a fixed im-
pact parameter is simply proportional to the
thickness of the nucleus in the longitudinal
(beam) direction.

αs << 1αs ∼ 1 ΛQCD
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Figure 3.7: The unintegrated gluon distribu-
tion (gluon TMD) �(x, k2T ) of a large nucleus
due to classical gluon fields (solid line). The
dashed curve denotes the lowest-order pertur-
bative result.

For a large nucleus, that thickness, in
turn, is proportional to the nuclear radius
R ⇠ A

1/3 with the nuclear mass number A.
The transverse momentum of the gluon can
be thought of as arising from many trans-

4Note that in the MV model �(x, k2
T ) is independent of Bjorken-x. Its x-dependence comes in though

the BK/JIMWLK evolution equations described above.
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Experimental important points

•Good separation of coherent and incoherent production. Not easy!

16

Diffractive eA
→ probe gluon saturation

→ nuclear imaging in position space

Figure 28: Coherent and incoherent exclusive J/y differential cross section versus |t| in the
Sartre model. Figure taken from Ref. [32].

duction, but also leads to nuclear breakup. This process produces nuclear fragments,
both large and small, some of which can be tagged by the far-forward system. It also
produces soft photons in the forward direction from the de-excitation of some of the
larger nuclear fragments.

5.3 MC samples

Two models are utilized in this study

• Sartre, which predicts vector meson production for electro- and photoproduction off
of protons and nuclei.

• BeAGLE, which interfaces PYTHIA6 with a Glauber formalism to incorporate nuclear
scattering, but only models electro- and photo-production off of the nucleons within
the nucleus. It also utilizes DPMJET and FLUKA to model nuclear breakup.

Sartre version 1.37 and BeAGLE version 1.01.03 were used to generate samples of about
700k J/y decays to leptons (to both electrons and muons). It should be noted that e+Au
processes were the main focus of the EIC Yellow Report, as Au has long been assumed to
be the primary heavy ion beam (as it was for RHIC). However, extensive BeAGLE studies
have found that incoherent processes off of Au nuclei lead to a preponderance of final
states which are not detectable either as large fragments in a far-forward tracker (which
requires Z/A similar to the nominal beam), or in a Zero Degree Calorimeter, which can

34

→ resolving minima is crucial

Need 90%, 99%, and > 99.8% veto efficiency for incoherent 
production, for the respective minima at increasing t.

Need precise determination of t.

Toll, Ulrich, PRC 87 (13) 0249
Example at EIC

scattering of Au
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Experimental important points

•Good separation of coherent and incoherent production. Not easy!

•Coherent production: measurements up to large t:

‣3D or 2D (x independent) transverse position
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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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Diffractive eA
→ probe gluon saturation

→ nuclear imaging in position space

Figure 28: Coherent and incoherent exclusive J/y differential cross section versus |t| in the
Sartre model. Figure taken from Ref. [32].

duction, but also leads to nuclear breakup. This process produces nuclear fragments,
both large and small, some of which can be tagged by the far-forward system. It also
produces soft photons in the forward direction from the de-excitation of some of the
larger nuclear fragments.

5.3 MC samples

Two models are utilized in this study

• Sartre, which predicts vector meson production for electro- and photoproduction off
of protons and nuclei.

• BeAGLE, which interfaces PYTHIA6 with a Glauber formalism to incorporate nuclear
scattering, but only models electro- and photo-production off of the nucleons within
the nucleus. It also utilizes DPMJET and FLUKA to model nuclear breakup.

Sartre version 1.37 and BeAGLE version 1.01.03 were used to generate samples of about
700k J/y decays to leptons (to both electrons and muons). It should be noted that e+Au
processes were the main focus of the EIC Yellow Report, as Au has long been assumed to
be the primary heavy ion beam (as it was for RHIC). However, extensive BeAGLE studies
have found that incoherent processes off of Au nuclei lead to a preponderance of final
states which are not detectable either as large fragments in a far-forward tracker (which
requires Z/A similar to the nominal beam), or in a Zero Degree Calorimeter, which can

34

→ resolving minima is crucial

Need 90%, 99%, and > 99.8% veto efficiency for incoherent 
production, for the respective minima at increasing t.

Need precise determination of t.

Toll, Ulrich, PRC 87 (13) 0249
Example at EIC

scattering of Au
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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
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Experimentally limited by maximum transverse momentum.

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

~third diffractive minimum.

‣Saturation: 

determine dip position indirectly 

via slope and probe its dependence

With Wɣp

Q ¼ 0. Drastically different patterns for the diffractive t
distribution also emerge between saturation and nonsatu-
ration models for lighter vector meson production such as ρ
and ϕ, with the appearance of multiple dips. Note that the
prospects at the LHeC [4] indicate that access to values of
jtj around 2 GeV2, required to observe the dips for J=ψ, is

challenging. On the other hand, the accuracy that can be
expected at lower jtj should allow us to observe the bending
of the distributions. And lower values of jtj for lighter
vector mesons should be clearly accessible, probably even
at the EIC [3], but for smaller Wγp.
The emergence of single or multiple dips in the t

distribution of the vector mesons in the saturation models
is directly related to the saturation (unitarity) features of the
dipole scattering amplitudeN at large dipole sizes. In order
to more clearly see this effect, let us define a t distribution
of the dipole amplitude in the following way:

dσdipole

dt
¼ 2πj

Z
Λr

0
rdr

Z
d2be−ib·ΔN ðx; r; bÞj2; ð21Þ

where Λr is an upper bound on the dipole size. The above
expression is in fact very similar to Eqs. (1) and (2); see also
Ref. [13]. Note that in Eq. (1), the overlap of photon and
vector meson wave functions gives the probability of
finding a color dipole of transverse size r in the vector
meson wave function and it naturally gives rise to an
implicit dynamical cutoff Λr which varies with kinematics
and the mass of the vector meson. The cutoff Λr is larger at
lower virtualities and for lighter vector mesons. On the
other hand, quantum evolution leads to unitarity constraints
on the amplitude at lower dipole sizes with decreasing
values of x or increasing energies. Thus, by varying the
cutoff Λr, one probes different regimes of the dipole from
color transparency to the saturation regime.
In the 1-Pomeron model, since the impact-parameter

profile of the dipole amplitude is a Gaussian for all values
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Figure 28: Coherent and incoherent exclusive J/y differential cross section versus |t| in the
Sartre model. Figure taken from Ref. [32].

duction, but also leads to nuclear breakup. This process produces nuclear fragments,
both large and small, some of which can be tagged by the far-forward system. It also
produces soft photons in the forward direction from the de-excitation of some of the
larger nuclear fragments.

5.3 MC samples

Two models are utilized in this study

• Sartre, which predicts vector meson production for electro- and photoproduction off
of protons and nuclei.

• BeAGLE, which interfaces PYTHIA6 with a Glauber formalism to incorporate nuclear
scattering, but only models electro- and photo-production off of the nucleons within
the nucleus. It also utilizes DPMJET and FLUKA to model nuclear breakup.

Sartre version 1.37 and BeAGLE version 1.01.03 were used to generate samples of about
700k J/y decays to leptons (to both electrons and muons). It should be noted that e+Au
processes were the main focus of the EIC Yellow Report, as Au has long been assumed to
be the primary heavy ion beam (as it was for RHIC). However, extensive BeAGLE studies
have found that incoherent processes off of Au nuclei lead to a preponderance of final
states which are not detectable either as large fragments in a far-forward tracker (which
requires Z/A similar to the nominal beam), or in a Zero Degree Calorimeter, which can

34

→ resolving minima is crucial

Need 90%, 99%, and > 99.8% veto efficiency for incoherent 
production, for the respective minima at increasing t.

Need precise determination of t.

Toll, Ulrich, PRC 87 (13) 0249
Example at EIC

scattering of Au
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Diffractive measurements on nuclei
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Measuring t-distribution à Full ePIC simulations
From K. Tu @ DIS 2023: 
https://indico.cern.ch/event/1199314/contributions/518
9840/attachments/2621029/4531556/ePIC-exclusive-
slides-Tu-v3.pdf
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Figure 5.6: The distribution in generated and reconstructed �t, with the reconstructed �t being the squared sum of the transverse momenta of
the scattered beam lepton and of the lepton pair originating from J/ decay, in di↵ractive production o↵ gold nuclei. The panel on the left-hand
side illustrates the influence of the quality of the scattered-lepton reconstruction on the determination of �t, as studied by ePIC. The panel on the
right-hand side shows the level of suppression of incoherent production (see text), as studied by ATHENA. Figs. taken from Ref. [430] and from
the supplementary material provided in the evaluation process of [32], respectively.

The spatial distribution of partons in impact-parameter space is related to a Fourier transformation, with t going from1984

0 to infinity [432]. Experimentally, one is limited by a maximal momentum transfer, which preferably extends as far as1985

possible. In practice, studies have shown that it is necessary to resolve the minima up to the third one for the evaluation of1986

the spatial distribution [2]. This dictates the needed level of suppression of the incoherent contribution. The suppression1987

of incoherent events includes the requirement of exactly three reconstructed lepton tracks with the correct charge in1988

absence of any other signal in the main detector and various criteria corresponding to the absence of signal in a series1989

of far-forward detectors, which can tag protons (Roman Pots for protons with energy close to the beam energy and the1990

B0 spectrometer and o↵-momentum detectors for nuclear-breakup protons), neutrons (Zero-Degree Calorimeters) and1991

photons (B0 and Zero-Degree Calorimeters). The capability to suppress incoherent production is illustrated in Fig. 5.6,1992

right, which shows the �t distribution for coherent and incoherent production o↵ gold nuclei. The former is again1993

simulated using Sartre, while for the latter the BeAGLE generator [433] is used. The generated coherent (incoherent)1994

contribution is represented by the continuous (dotted) line. The generated data are passed through a full simulation of the1995

ATHENA detector. The e↵ect of data selection requirements on the event activity in the main detector and on the absence1996

of activity in the far-forward detectors, based on the studies in Ref. [431], is represented by the blue, open circles. As can1997

been seen, the obtained distribution lies close to the distribution from coherent events simulated by Sartre. The remaining1998

contribution from incoherent events is given by the red, star symbols. The largest suppression of the incoherent process1999

comes from the requirement on the absence of any neutron signal in the Zero-Degree Calorimeter, while the requirement2000

on the absence of photon signals in this Zero-Degree Calorimeter also has an impact. Ways to further improve the2001

reconstruction of t and the suppression of incoherent production are at present under investigation.2002

The study of light nuclei can o↵er additional insights into the inner internal structure of the nuclear medium. In2003

contrast to Contrary to measurements with heavy nuclei, the total final state in incoherent di↵ractive production o↵ light2004

nuclei can be unambiguously identified through tagging of the spectator nucleons. Such measurements are of interest2005

when studying the short-range correlation (SRC) of a nucleon pair, which is the temporal fluctuation of two nucleons2006

into a strongly interacting pair in close proximity and large measured relative momentum [434, 435]. SRC pairs are2007

suggested as a possible explanation for the nuclear modification of the momentum distribution of high-x partons, known2008

as the EMC e↵ect, with a strong correlation between the two phenomena suggested by measurements by the CLAS2009

experiment at Je↵erson Lab [436] and a quark-level QCD basis for SRC has been proposed for the lightest nuclei [437]2010

and A � 4 nuclei [438].2011

The simplest nuclear system consists of deuteron and the first measurement of incoherent di↵ractive production with2012
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coherent scattering

incoherent scattering

average cross sections

average amplitude over target configurations:

probes average distributions

Incoherent 

= difference between both:

probes event-by-event fluctuations
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FIG. 11: Total coherent di↵ractive J/ photoproduction

cross section as a function of center-of-mass energy W and

compared with H1 [5, 93], ZEUS [6] and ALICE [12] data.

by g4µ2 by requiring that we get a good description of
the H1 spectra at W = 75 GeV [93]. Because of the prob-
lem with non-perturbative contributions from large r to
the di↵ractive cross section, this normalization is di↵er-
ent from what the fit to the reduced charm cross section
would require. Consequently, the parameter set used in
Refs. [15, 16] also cannot reproduce the normalization of

FIG. 12: Coherent (thick lines) and incoherent (thin lines)

J/ photoproduction cross section at W = 75GeV where the

proton parametrization is fixed by the H1 data [93]. Note that

the proton color charge density is also fixed by the J/ data.

The results with and without UV damping in the initial con-

dition are shown.

the charm production data.5

We study the evolution of the di↵ractive cross sections

5 Fortunately, some observables, like the incoherent to coherent
cross section ratio, are rather insensitive to this normalization,
as we will show below.
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previous ALICE measurements [14]. The technique fol-
lows what was done by the H1 Collaboration [74] and the
fit takes into account the statistical and systematic uncer-
tainties. The parameters obtained from the fit are N ¼
71.6" 3.7 nb and δ ¼ 0.70" 0.04 with a correlation of
þ0.16 between the two parameters. The quality of the fit is
χ2=ndf ¼ 1.62 for 9 degrees of freedom. The value of the
exponent is the same as in previous ALICE measurements
[14]. The H1 and ZEUS measurements, performed over an
energy range Wγp that encompasses the new ALICE
measurements, are also shown in the same figure. They,
respectively, found δ ¼ 0.69" 0.02ðstatÞ " 0.03ðsystÞ and
δ ¼ 0.67" 0.03ðtotÞ [38–40]. Thus, the measurements by
ALICE are compatible with the values measured by HERA
experiments, and no deviation from a power law is
observed up to about 700 GeV.
LHCb measured the exclusive J=ψ photoproduction

cross sections in pp collisions, at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 7 TeV [43,44]
and 13 TeV [45]. The LHCb analyses use data from a
symmetric system and thus suffer from the ambiguity in
identifying the photon emitter and the photon target. Since
the nonexclusive J=ψ photoproduction depends on Wγp,
these processes are difficult to subtract and make the
extraction of the underlying σðWγpÞ strongly model de-
pendent. Moreover, the uncertainty in the hadronic survival
probability in pp collisions is much larger than in p-Pb
collisions, and samples of pp collisions can contain a
contamination of J=ψ production through Odderon-
Pomeron fusion [30,75]. For each dσ=dy measurement,
LHCb reported two solutions, one for low Wγp and one for
high Wγp. Despite these ambiguities and assumptions, the
LHCb solutions are found to be compatible with ALICE
measurements within the current uncertainties.
ALICE measurements are also compared with the Jones-

Martin-Ryskin-Teubner (JMRT) calculation. Two calcula-
tions are available from the JMRT group [70,71]. The first
one, referred to as LO, is based on a power-law description
of the process from the result in Ref. [32], while the second
one, labeled as NLO, includes contributions which mimic
effects expected from the dominant NLO corrections. At
high Wγp, they deviate from a simple power-law shape.
Both models are fitted to the same data and their energy
dependence is rather similar, so only the NLO version is
shown. ALICE measurements at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 andffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV support their extracted gluon distribu-
tion down to x ∼ 2 × 10−5. A more recent NLO compu-
tation of this process suggests a stronger sensitivity to
quark contributions than previously considered [33].
Figure 6 also shows predictions from the Cepila-

Contreras-Takaki (CCT) model [37] based on the color
dipole approach. This model incorporates a fluctuating hot
spot structure of the proton in the impact parameter plane,
with the number of hot spots growing with decreasing x. It
is compatible with ALICE measurements at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02
and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV. Future UPC measurements by

ALICE will explore the high W range, particularly with
future detector upgrades such as FoCal [76].

2. Dissociative J=ψ photoproduction

Figure 7 shows the ALICE measurement of the dis-
sociative J=ψ photoproduction cross section σðγ þ p →
J=ψ þ pð&ÞÞ as a function of Wγp, covering the range
27 < Wγp < 57 GeV. The cross sections are also reported
in Table III. A previous measurement at similar energies by
H1 [40] is also shown and is in good agreement with the
ALICE measurement. In addition, the experimental results
are compared with the CCT model [37] discussed in the
previous section. In the framework of this model, the
exclusive cross section is sensitive to the average inter-
action of the color dipole qq̄ with the proton, and the
dissociative cross section is sensitive to the fluctuations in
the qq̄-proton interaction between the different color field
configurations of the proton. The model describes correctly
the energy evolution of the dissociative cross section both
for H1 and ALICE measurements and predicts that the
cross section will reach a maximum at Wγp ≃ 500 GeV,
then decrease at higher energies. This behavior is expected
due to the hot spots saturating the proton area.

3. Ratio of dissociative-to-exclusive
J=ψ photoproduction

ALICE measurements for the ratio of dissociative-to-
exclusive J=ψ photoproduction cross sections, σðγ þ p →
J=ψ þ pð&ÞÞ=σðγ þ p → J=ψ þ pÞ, are given in Table IV.

FIG. 7. Dissociative J=ψ photoproduction cross section off
protons measured by ALICE in p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV
and compared with H1 data [40]. A comparison with the CCT
model [37] is shown. The uncertainties of the data points are the
quadratic sum of the statistical and systematic uncertainties.

EXCLUSIVE AND DISSOCIATIVE J=ψ … PHYS. REV. D 108, 112004 (2023)

112004-11

pPb PbPb arXiv: 2305.06169

Phys. Rev. D 108 (2023) 112004 
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hadron-hadron collisions deep-inelastic scattering

Measurement by H1 
Phys. Lett. B 544 (2002) 35–43

offers more theoretical control

also e.g., f2 in pA and AA collisions
R. McNulty et al., EPJC 80 (2020) 288



Search for the Odderon at the EIC

22



Search for the Odderon at the EIC

22

S. Beníc et al., arXiv:2402.19134



Fixed target and nucleon PDFs

23

Drell-Yan impact on nucleon PDFs C. Hadjidakis et al., 

Phys.Rept. 911 (2021) 1-83



Fixed target and nucleon PDFs

23

Drell-Yan impact on nucleon PDFs C. Hadjidakis et al., 

Phys.Rept. 911 (2021) 1-83

N. Armesto et al., 

PRD 109 (2024) 054019


 

Inclusive e-p data only

Eep: 18x275, 10x275, 10x100

       5x100, 5x41


: 1 year of data collection for each Eepℒ



Fixed target and nuclear PDFs

24

5 PHYSICS PROJECTIONS

(a) (b) (c) (d)

Figure 23: Uncertainty on nCTEQ15 nPDFs before and after the reweighting using RDY
pXe AFTER@LHCb pseudo-data in the range

indicated on Fig. 21. The plots show ratio of nPDFs for tungsten (W) and the corresponding uncertainties compared to the central
value at the scale Q = 1.3 GeV.

(a) 4 GeV < Mµµ < 5 GeV (b) 5 GeV < Mµµ < 6 GeV (c) 10.5 GeV < Mµµ GeV

(d) (e) (f) (g)

Figure 24: Same as Fig. 22 (upper row) and Fig. 23 (lower row) with luminosities reduced by a factor 10: Lpp = 1 fb�1 and
LpXe = 10 pb�1.

xF would lead to significant improvements over the current state of the art and would be complementary
to results from a future Electron-Ion-Collider (EIC). Clearly, it would be invaluable input for nuclear PDF
determinations.

As an example we present here a reweighting analysis [243, 244, 245, 246] showing the potential impact
of the DY lepton-pair production data from AFTER@LHC in pXe collisions on the nCTEQ15 nPDFs. In
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Figure 26: nCTEQ15 nPDFs before and after the reweighting using RpXe pseudo-data shown in Fig. 25 for (a) D0, (b) J/ , (c) B+,
(d) ⌥(1S ) production at AFTER@LHCb. The plots show ratios RXe

g of gluon densities encoded in nCTEQ15 over that in CT14
PDFs at scale Q = 2 GeV.

theory predictions is shown in Fig. 22, where we assumed the follwoing luminosities: Lpp = 10 fb�1 and
LpXe = 100 pb�1 for the psedo-data.

In Fig. 23 we display the nPDFs before and after the reweighting using the AFTER@LHC RpXe pseudo-
data. We can see a significant decrease of the errors for up and down quark distributions showing the
potential of the AFTER@LHC to constrain nPDFs. In practice, due to the limited amount of data, the
current nPDF errors are considerably underestimated and the actual importance of these data can not be fully
demonstrated in this kind of study. However, Fig. 21 clearly shows how complementary the kinematical
coverage of AFTER@LHC will be compared to the current DY data for the nPDF determination. Similarly
to the proton case, the W± data could be used for a determination of the high-x nPDF in particular the light
quark sea distributions.

Additionally, we have also investigated what would be the impact of such DY measurements on nPDFs
in case less data would be collected. For this purpose we assumed 10 times reduced luminosities for both
pp and pXe samples. The results for such scenario are presented in Fig. 24 which shows that even in this
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Fixed-target Drell-Yan Fixed-target  productionJ/ψ

gluon
C. Hadjidakis et al., 
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LpXe = 10 pb�1.
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of the DY lepton-pair production data from AFTER@LHC in pXe collisions on the nCTEQ15 nPDFs. In
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Figure 23: Uncertainty on nCTEQ15 nPDFs before and after the reweighting using RDY
pXe AFTER@LHCb pseudo-data in the range

indicated on Fig. 21. The plots show ratio of nPDFs for tungsten (W) and the corresponding uncertainties compared to the central
value at the scale Q = 1.3 GeV.

(a) 4 GeV < Mµµ < 5 GeV (b) 5 GeV < Mµµ < 6 GeV (c) 10.5 GeV < Mµµ GeV

(d) (e) (f) (g)

Figure 24: Same as Fig. 22 (upper row) and Fig. 23 (lower row) with luminosities reduced by a factor 10: Lpp = 1 fb�1 and
LpXe = 10 pb�1.

xF would lead to significant improvements over the current state of the art and would be complementary
to results from a future Electron-Ion-Collider (EIC). Clearly, it would be invaluable input for nuclear PDF
determinations.

As an example we present here a reweighting analysis [243, 244, 245, 246] showing the potential impact
of the DY lepton-pair production data from AFTER@LHC in pXe collisions on the nCTEQ15 nPDFs. In
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Figure 26: nCTEQ15 nPDFs before and after the reweighting using RpXe pseudo-data shown in Fig. 25 for (a) D0, (b) J/ , (c) B+,
(d) ⌥(1S ) production at AFTER@LHCb. The plots show ratios RXe

g of gluon densities encoded in nCTEQ15 over that in CT14
PDFs at scale Q = 2 GeV.

theory predictions is shown in Fig. 22, where we assumed the follwoing luminosities: Lpp = 10 fb�1 and
LpXe = 100 pb�1 for the psedo-data.

In Fig. 23 we display the nPDFs before and after the reweighting using the AFTER@LHC RpXe pseudo-
data. We can see a significant decrease of the errors for up and down quark distributions showing the
potential of the AFTER@LHC to constrain nPDFs. In practice, due to the limited amount of data, the
current nPDF errors are considerably underestimated and the actual importance of these data can not be fully
demonstrated in this kind of study. However, Fig. 21 clearly shows how complementary the kinematical
coverage of AFTER@LHC will be compared to the current DY data for the nPDF determination. Similarly
to the proton case, the W± data could be used for a determination of the high-x nPDF in particular the light
quark sea distributions.

Additionally, we have also investigated what would be the impact of such DY measurements on nPDFs
in case less data would be collected. For this purpose we assumed 10 times reduced luminosities for both
pp and pXe samples. The results for such scenario are presented in Fig. 24 which shows that even in this
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detail. In particular, it opens up a new region at low x that
has not been constrained previously in DIS or Drell-Yan
data. The partonic structure of nuclei is commonly dis-
cussed in terms of nuclear PDFs (nPDFs), or nuclear
modification ratios, which encode the deviations of
nPDFs from simple scaling of free nucleon PDFs with
atomic mass A after appropriately accounting for varying
proton-to-neutron ratios using isospin symmetry. The
deviations from this scaling with A may be due to binding
effects or, at low x, to new parton dynamics [66] (‘satu-
ration’ phenomena) associated with the denser systems of
gluons found in heavy nuclei than in nucleons.
Present DIS data feeding into nPDFs are limited to fixed

target measurements at large x and relatively low Q2. Data

from fixed target and colliding mode hadron-nucleus
experiments can be used to extend the sensitivity, but with
similar associated theoretical difficulties to those discussed
in the proton context in Sec. III. Since the uncertainties in
the nuclear modification factors are large in the low x
region that will be newly explored in DIS, the EIC is
expected to have an impact with relatively modest amounts
of eA data.
The potential impact on nuclear PDFs of simulated EIC

data is studied here in the xFitter framework [43]. Data
from EIC only are used as input to fits in which the PDFs
evolve according to the next-to-leading order (NLO)
DGLAP equations, with a minimum Q2 of 3.5 GeV2 using
a parametrization at the starting scale taken from the
HERAPDF2.0 studies.8 Figures 9–11 show the results
for the gluon density, the sea up quark density and the
up valence quark density, respectively. The relative pre-
cision is shown separately for the proton and for gold
nuclei, as well as for their ratio, i.e., the nuclear
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FIG. 9. Impact of EIC data on the understanding of nuclear
effects in the collinear gluon distribution, as obtained from
DGLAP-based QCD fits. Top: projected relative uncertainty
on the gluon density of the proton as a function of x for
Q2 ¼ 10 GeV2, using only EIC input data. Middle: projected
relative uncertainty on the gluon density of a proton in the gold
nucleus as a function of x for Q2 ¼ 10 GeV2, using only EIC
input data. Bottom: nuclear modification factors formed from the
ratio of projected gluon densities in gold and in the proton. The
results obtained using only EIC data are compared with those
from a global fit (EPPS21 [10]). Vertical dotted lines indicate the
lowest values of x for pseudodata used in the fit, see the text.
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FIG. 10. As for Fig. 9, but for the sea up quark density.

8This lower cut in Q2 leads to minimum x values for the
pseudodata of 0.0005 and 0.00125 in ep and eA, respectively,
which are indicated in Figs. 9–11 by vertical dotted lines.
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modification factor.9 The EIC-only projections for the
nuclear modification ratios are compared with the precision
of a representative current global fit, EPPS21 [10],10 which
includes data from fixed target DIS and Drell-Yan experi-
ments, hard processes in pA collisions at the LHC and π0

data from PHENIX.
The behavior of gluons at high densities is a cornerstone

of the EIC physics program. Since it is most clearly
addressed through nuclear dynamics at low x, the case
of the gluon density (Fig. 9) is pivotal. The precision
obtainable using EIC data only is typically at the 5% level
for the proton and at the 10% level for gold. Large
improvements over the EPPS21 baseline are observed
for all x values. The precision in the region x ∼ 0.1, where
there are plentiful input data in the EPPS21 case, is
improved by around a factor of 2 when using EIC data.
This is partly due to the use of a Δχ2 ¼ 1 condition in

defining the uncertainty bands in the EIC case, as would be
standard when fitting data from a single experiment,
compared with Δχ2 ¼ 33 as applied in the EPPS21 case
to account for tensions between the different input datasets.
The largest improvements in the gluon nuclear modifi-

cation ratio appear in the previously poorly constrained
region below x ∼ 10−2. Although the EPPS21 fit accesses x
values as low as 10−5, all information below a few times
10−3 comes from D-meson production in pPb collisions at
the LHC, and the uncertainties remain relatively large. The
precise and theoretically clean EIC pseudodata extend to
approximately x ¼ 0.001, opening up an order of magni-
tude of previously unexplored low x physics in DIS in
which novel dynamics may be observed. The gluon nuclear
modification ratio is constrained with a precision of
approximately 10% in this region. As illustrated in
Figs. 10 and 11, even larger, profound, improvements
are expected for all other parton species.
In addition to EPPS21, new LHC pPb measurements

have also been included in other recent nPDF analyses
[9,11–13]. When compared to a previous analysis such as
EPPS16 [67], EPPS21 results in a reduction of the
uncertainty in the gluon nuclear modification factor by
around a factor 2 at small x, whereas the reduction is larger
in nNNPDF3.0. The variability of the impact of these data
between the different analyses suggests that the associated
additional theoretical uncertainties and tensions with other
datasets have yet to be fully determined. The use of hadron-
hadron data in constraining nPDFs also relies on the
assumption of collinear factorization [68] for proton-
nucleus collisions, which remains to be fully established.
In contrast, the EIC will provide a homogeneous and
theoretically straightforward dataset from a single experi-
ment and for a single nucleus, with small uncertainties and
the possibility of using Δχ2 ¼ 1 in Hessian analyses to
quantify the uncertainties.

V. SUMMARY AND CONCLUSIONS

An analysis studying the impact of simulated EIC
inclusive DIS data on the uncertainty of the proton and
nuclear PDFs at NNLO and NLO, respectively, is
presented.
In the context of a pure-DIS fit for proton PDFs of the

HERAPDF2.0 type, the EIC pseudodata which in this
study have updated and realistic energy setups, luminosities
and detector simulation, offer orders of magnitude larger
integrated luminosities than were available at HERA and
cover a lower, but still comfortably perturbative, Q2 range
at large x. They also optimize the kinematic coverage
through variations in the beam energies, avoiding the need
for measurements at very low y. The EIC pseudodata are
thus very well suited to improving the precision at large x in
a pure DIS fit for the proton PDFs. Their most striking
impact occurs for the up-valence quark. Precision PDFs in
this large x region are of enormous importance to any
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FIG. 11. As for Fig. 9, but for the valence up quark density.

9Regions in which the gluon contribution becomes negative,
which only appear at low Q2 and small x and are of very little
relevance in the EIC kinematics, are removed.

10The EPPS21 bands have been computed including both
nuclear and proton baseline uncertainties.
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modification factor.9 The EIC-only projections for the
nuclear modification ratios are compared with the precision
of a representative current global fit, EPPS21 [10],10 which
includes data from fixed target DIS and Drell-Yan experi-
ments, hard processes in pA collisions at the LHC and π0

data from PHENIX.
The behavior of gluons at high densities is a cornerstone

of the EIC physics program. Since it is most clearly
addressed through nuclear dynamics at low x, the case
of the gluon density (Fig. 9) is pivotal. The precision
obtainable using EIC data only is typically at the 5% level
for the proton and at the 10% level for gold. Large
improvements over the EPPS21 baseline are observed
for all x values. The precision in the region x ∼ 0.1, where
there are plentiful input data in the EPPS21 case, is
improved by around a factor of 2 when using EIC data.
This is partly due to the use of a Δχ2 ¼ 1 condition in

defining the uncertainty bands in the EIC case, as would be
standard when fitting data from a single experiment,
compared with Δχ2 ¼ 33 as applied in the EPPS21 case
to account for tensions between the different input datasets.
The largest improvements in the gluon nuclear modifi-

cation ratio appear in the previously poorly constrained
region below x ∼ 10−2. Although the EPPS21 fit accesses x
values as low as 10−5, all information below a few times
10−3 comes from D-meson production in pPb collisions at
the LHC, and the uncertainties remain relatively large. The
precise and theoretically clean EIC pseudodata extend to
approximately x ¼ 0.001, opening up an order of magni-
tude of previously unexplored low x physics in DIS in
which novel dynamics may be observed. The gluon nuclear
modification ratio is constrained with a precision of
approximately 10% in this region. As illustrated in
Figs. 10 and 11, even larger, profound, improvements
are expected for all other parton species.
In addition to EPPS21, new LHC pPb measurements

have also been included in other recent nPDF analyses
[9,11–13]. When compared to a previous analysis such as
EPPS16 [67], EPPS21 results in a reduction of the
uncertainty in the gluon nuclear modification factor by
around a factor 2 at small x, whereas the reduction is larger
in nNNPDF3.0. The variability of the impact of these data
between the different analyses suggests that the associated
additional theoretical uncertainties and tensions with other
datasets have yet to be fully determined. The use of hadron-
hadron data in constraining nPDFs also relies on the
assumption of collinear factorization [68] for proton-
nucleus collisions, which remains to be fully established.
In contrast, the EIC will provide a homogeneous and
theoretically straightforward dataset from a single experi-
ment and for a single nucleus, with small uncertainties and
the possibility of using Δχ2 ¼ 1 in Hessian analyses to
quantify the uncertainties.

V. SUMMARY AND CONCLUSIONS

An analysis studying the impact of simulated EIC
inclusive DIS data on the uncertainty of the proton and
nuclear PDFs at NNLO and NLO, respectively, is
presented.
In the context of a pure-DIS fit for proton PDFs of the

HERAPDF2.0 type, the EIC pseudodata which in this
study have updated and realistic energy setups, luminosities
and detector simulation, offer orders of magnitude larger
integrated luminosities than were available at HERA and
cover a lower, but still comfortably perturbative, Q2 range
at large x. They also optimize the kinematic coverage
through variations in the beam energies, avoiding the need
for measurements at very low y. The EIC pseudodata are
thus very well suited to improving the precision at large x in
a pure DIS fit for the proton PDFs. Their most striking
impact occurs for the up-valence quark. Precision PDFs in
this large x region are of enormous importance to any
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FIG. 11. As for Fig. 9, but for the valence up quark density.

9Regions in which the gluon contribution becomes negative,
which only appear at low Q2 and small x and are of very little
relevance in the EIC kinematics, are removed.

10The EPPS21 bands have been computed including both
nuclear and proton baseline uncertainties.
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detail. In particular, it opens up a new region at low x that
has not been constrained previously in DIS or Drell-Yan
data. The partonic structure of nuclei is commonly dis-
cussed in terms of nuclear PDFs (nPDFs), or nuclear
modification ratios, which encode the deviations of
nPDFs from simple scaling of free nucleon PDFs with
atomic mass A after appropriately accounting for varying
proton-to-neutron ratios using isospin symmetry. The
deviations from this scaling with A may be due to binding
effects or, at low x, to new parton dynamics [66] (‘satu-
ration’ phenomena) associated with the denser systems of
gluons found in heavy nuclei than in nucleons.
Present DIS data feeding into nPDFs are limited to fixed

target measurements at large x and relatively low Q2. Data

from fixed target and colliding mode hadron-nucleus
experiments can be used to extend the sensitivity, but with
similar associated theoretical difficulties to those discussed
in the proton context in Sec. III. Since the uncertainties in
the nuclear modification factors are large in the low x
region that will be newly explored in DIS, the EIC is
expected to have an impact with relatively modest amounts
of eA data.
The potential impact on nuclear PDFs of simulated EIC

data is studied here in the xFitter framework [43]. Data
from EIC only are used as input to fits in which the PDFs
evolve according to the next-to-leading order (NLO)
DGLAP equations, with a minimum Q2 of 3.5 GeV2 using
a parametrization at the starting scale taken from the
HERAPDF2.0 studies.8 Figures 9–11 show the results
for the gluon density, the sea up quark density and the
up valence quark density, respectively. The relative pre-
cision is shown separately for the proton and for gold
nuclei, as well as for their ratio, i.e., the nuclear
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FIG. 9. Impact of EIC data on the understanding of nuclear
effects in the collinear gluon distribution, as obtained from
DGLAP-based QCD fits. Top: projected relative uncertainty
on the gluon density of the proton as a function of x for
Q2 ¼ 10 GeV2, using only EIC input data. Middle: projected
relative uncertainty on the gluon density of a proton in the gold
nucleus as a function of x for Q2 ¼ 10 GeV2, using only EIC
input data. Bottom: nuclear modification factors formed from the
ratio of projected gluon densities in gold and in the proton. The
results obtained using only EIC data are compared with those
from a global fit (EPPS21 [10]). Vertical dotted lines indicate the
lowest values of x for pseudodata used in the fit, see the text.
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FIG. 10. As for Fig. 9, but for the sea up quark density.

8This lower cut in Q2 leads to minimum x values for the
pseudodata of 0.0005 and 0.00125 in ep and eA, respectively,
which are indicated in Figs. 9–11 by vertical dotted lines.
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SMOG2:

Trigger settings for measurements in UPCs with

SMOG2

March 12, 2020

1 Estimated cross section and event yields

An estimate of the number of exclusively produced dimuons from the Bethe-
Heitler process, J/ , �, ⇢, and �� for data collection with SMOG2 is given
below. Using the starlight and superchic generators, proton-proton, proton-
helium and proton-xenon interactions are simulated at a nucleon-nucleon
centre-of-mass energy of

p
sNN = 115 GeV and a centre-of-mass rapidity of

�2.78 < yCM < 0.2. Cross sections and event yields are simulated for decay
particles with minimal transverse momenta pT as indicated.

The dimuon invariant mass Mµ+µ� for the Bethe-Heitler process (con-
tinuous dimuon production) is restricted to lie in the range: 1.1 GeV<
Mµ+µ� < 9.0 GeV.

The event estimation is based on luminosities of 150 pb�1, 0.1 pb�1, and
22 pb�1, as given in [1], for respectively proton-proton, proton-helium and
proton-xenon data collection. For all but the continuous-dimuon production,
data taking in parallel with the normal beam-beam collisions is considered,
while for the measurement of continuous dimuons, special runs, correspond-
ing to 10% of the quoted luminosities, are considered. For the estimated
number of events, the data selection e�ciency based on measurements from
RUN2 data taking is taken into account.

pT,min[MeV] pp pHe pXe

200 � = 61.931 pb = 686 evts � = 113.6 pb = 0 evts � = 17.6 nb = 29 10
3
evts

300 � = 57.885 pb = 651 evts � = 106.1 pb = 0 evts � = 17.2 nb = 28 10
3
evts

400 � = 48.309 pb = 543 evts � = 91.2 pb = 0 evts � = 15.2 nb = 25 10
3
evts

Table 1: Cross section and event yields for the Bethe-Heitler process with
SMOG2.

1

pT,min[MeV] pp pHe pXe

200 � = 20.575 pb = 2315 evts � = 27.5 pb = 0 evts � = 1.3 nb = 21 10
3
evts

600 � = 20.467 pb = 2302 evts � = 27.3 pb = 0 evts � = 1.3 nb = 21 10
3
evts

800 � = 19.557 pb = 2200 evts � = 26.6 pb = 0 evts � = 1.3 nb = 21 10
3
evts

1000 � = 16.612 pb = 1870 evts � = 24.4 pb = 0 evts � = 1.2 nb = 20 10
3
evts

Table 2: Cross section and event yields for CEP of J/ ! µ+µ� with
SMOG2.

pT,min[MeV] pp pHe pXe

0 � = 8.1 nb = 510 10
3
evts � = 17.9 nb = 752 evts � = 2.5 µb = 23.1 10

6
evts

50 � = 8.0 nb = 504 10
3
evts � = 17.0 nb = 714 evts � = 2.4 µb = 22.2 10

6
evts

100 � = 6.5 nb = 410 10
3
evts � = 12.4 nb = 520 evts � = 1.9 µb = 17.6 10

6
evts

200 � = 2.8 nb = 176 10
3
evts � = 3.0 nb = 126 evts � = 494.0 nb = 4.6 10

6
evts

300 � = 829 pb = 52 10
3
evts � = 665.6 pb = 28 evts � = 89.1 nb = 823 10

3
evts

400 � = 184 pb = 12 10
3
evts � = 109.4 pb = 5 evts � = 11.0 nb = 102 10

3
evts

Table 3: Cross section and event yields for CEP of � ! K+K� with
SMOG2.

2 Proposed trigger settings

• During pp collisions: two, four, six long tracks with minimum trans-
verse momentum pT,min of 500 MeV and consistent with same primary
vertex in SMOG2 target cell region.

• Empty beam: maximal number of velo tracks limited to 10, and no
cut on pT,min nor on invariant mass.
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vertex in SMOG2 target cell region.
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1 Estimated cross section and event yields

An estimate of the number of exclusively produced dimuons from the Bethe-
Heitler process, J/ , �, ⇢, and �� for data collection with SMOG2 is given
below. Using the starlight and superchic generators, proton-proton, proton-
helium and proton-xenon interactions are simulated at a nucleon-nucleon
centre-of-mass energy of

p
sNN = 115 GeV and a centre-of-mass rapidity of

�2.78 < yCM < 0.2. Cross sections and event yields are simulated for decay
particles with minimal transverse momenta pT as indicated.

The dimuon invariant mass Mµ+µ� for the Bethe-Heitler process (con-
tinuous dimuon production) is restricted to lie in the range: 1.1 GeV<
Mµ+µ� < 9.0 GeV.

The event estimation is based on luminosities of 150 pb�1, 0.1 pb�1, and
22 pb�1, as given in [1], for respectively proton-proton, proton-helium and
proton-xenon data collection. For all but the continuous-dimuon production,
data taking in parallel with the normal beam-beam collisions is considered,
while for the measurement of continuous dimuons, special runs, correspond-
ing to 10% of the quoted luminosities, are considered. For the estimated
number of events, the data selection e�ciency based on measurements from
RUN2 data taking is taken into account.
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3
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400 � = 48.309 pb = 543 evts � = 91.2 pb = 0 evts � = 15.2 nb = 25 10
3
evts

Table 1: Cross section and event yields for the Bethe-Heitler process with
SMOG2.
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800 � = 19.557 pb = 2200 evts � = 26.6 pb = 0 evts � = 1.3 nb = 21 10
3
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1000 � = 16.612 pb = 1870 evts � = 24.4 pb = 0 evts � = 1.2 nb = 20 10
3
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Table 2: Cross section and event yields for CEP of J/ ! µ+µ� with
SMOG2.
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Table 3: Cross section and event yields for CEP of � ! K+K� with
SMOG2.

2 Proposed trigger settings

• During pp collisions: two, four, six long tracks with minimum trans-
verse momentum pT,min of 500 MeV and consistent with same primary
vertex in SMOG2 target cell region.

• Empty beam: maximal number of velo tracks limited to 10, and no
cut on pT,min nor on invariant mass.
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1 Estimated cross section and event yields

An estimate of the number of exclusively produced dimuons from the Bethe-
Heitler process, J/ , �, ⇢, and �� for data collection with SMOG2 is given
below. Using the starlight and superchic generators, proton-proton, proton-
helium and proton-xenon interactions are simulated at a nucleon-nucleon
centre-of-mass energy of

p
sNN = 115 GeV and a centre-of-mass rapidity of

�2.78 < yCM < 0.2. Cross sections and event yields are simulated for decay
particles with minimal transverse momenta pT as indicated.

The dimuon invariant mass Mµ+µ� for the Bethe-Heitler process (con-
tinuous dimuon production) is restricted to lie in the range: 1.1 GeV<
Mµ+µ� < 9.0 GeV.

The event estimation is based on luminosities of 150 pb�1, 0.1 pb�1, and
22 pb�1, as given in [1], for respectively proton-proton, proton-helium and
proton-xenon data collection. For all but the continuous-dimuon production,
data taking in parallel with the normal beam-beam collisions is considered,
while for the measurement of continuous dimuons, special runs, correspond-
ing to 10% of the quoted luminosities, are considered. For the estimated
number of events, the data selection e�ciency based on measurements from
RUN2 data taking is taken into account.
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Table 2: Cross section and event yields for CEP of J/ ! µ+µ� with
SMOG2.
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Table 3: Cross section and event yields for CEP of � ! K+K� with
SMOG2.

2 Proposed trigger settings

• During pp collisions: two, four, six long tracks with minimum trans-
verse momentum pT,min of 500 MeV and consistent with same primary
vertex in SMOG2 target cell region.

• Empty beam: maximal number of velo tracks limited to 10, and no
cut on pT,min nor on invariant mass.
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� ! K+K�

<latexit sha1_base64="RPZvm598TA4WtRN3HHkws+Yq+Wo=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgiGVGFF0W3bisYB/Q1pJJ0zY0kwzJjViGrtz4K25cKOLWb3Dn35jWLrT1wL0czrmX5J4oEdxAEHx5mbn5hcWl7HJuZXVtfcPf3KoYZTVlZaqE0rWIGCa4ZGXgIFgt0YzEkWDVqH858qt3TBuu5A0MEtaMSVfyDqcEnNTydxvA7iGlSgKXVlmDh7gR29vDUTtq+fmgEIyBZ0k4IXk0QanlfzbaitqYSaCCGFMPgwSaKdHAqWDDXMMalhDaJ11Wd1SSmJlmOj5jiPed0sYdpV1JwGP190ZKYmMGceQmYwI9M+2NxP+8uoXOeTPlMrHAJP15qGMFBoVHmeA214yCGDhCqObur5j2iCYUXHI5F0I4ffIsqRwXwtNCcH2SL15M4siiHbSHDlCIzlARXaESKiOKHtATekGv3qP37L157z+jGW+ys43+wPv4BmwCmRE=</latexit>

continuous µ+µ�

exclusive measurements with SMOG2 (RUN3):

total uncertainty on 

cross section: 5-10%{

{special runs
data collection in 

parallel with pp

⟶ access to spin-dependent GPDs at the LHC
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Types of collisions at LHCb
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protons                                     protons, deuterons

SM
OG, SM

OG2
PGT

gas

LHCSPIN: transversely polarised gas target SMOG2                  Collider mode
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!%% = 5 TeV

Fixed-target mode
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Types of collisions at LHCb

!%% = 115 GeV

protons                                     protons, deuterons

SM
OG, SM

OG2
PGT

LHCSpin:
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Summary 

• Vast complementarity between (HL-)LHC, fixed-target and EIC


• EIC provides high precision and polarisation


• LHC covers otherwise unaccessible low-xB region


• Fixed target at the LHC covers the large-xB region


• EIC covers large variety of nuclei


—> valuable for study of nuclear effects, saturation


• Study of saturation effects: not an easy task: combined LHC and EIC data highly valuable!


• Fixed target also covers variety of nuclei, at large xB —> complementary channel


• Transversely polarised fixed target would allow to extend the complementarity with EIC


