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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 ⌥)
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(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
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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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Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions
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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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large–impact-parameter interactions

1. Introduction

Contributed by: K. Hencken, M. Strikman, R. Vogt and P. Yepes

In 1924 Enrico Fermi, 23 at the time, proposed the equivalent photon method [1]
which treated the moving electromagnetic fields of a charged particle as a flux of virtual

photons. A decade later, Weizsäcker and Williams applied the method [2] to relativistic

ions. Ultraperipheral collisions, UPCs, are those reactions in which two ions interact via

their cloud of virtual photons. The intensity of the electromagnetic field, and therefore

the number of photons in the cloud surrounding the nucleus, is proportional to Z2. Thus

these types of interactions are highly favored when heavy ions collide. Figure 1 shows
a schematic view of an ultraperipheral heavy-ion collision. The pancake shape of the

nuclei is due to Lorentz contraction.

b>R +R

Z

Z

A B

Figure 1. Schematic diagram of an ultraperipheral collision of two ions. The impact
parameter, b, is larger than the sum of the two radii, RA +RB. Reprinted from Ref. [3]
with permission from Elsevier.

Ultraperipheral photon-photon collisions are interactions where the radiated

photons interact with each other. In addition, photonuclear collisions, where one
radiated photon interacts with a constituent of the other nucleus, are also possible.

The two processes are illustrated in Fig. 2(a) and (b). In these diagrams the nucleus

that emits the photon remains intact after the collision. However, it is possible to have

an ultraperipheral interaction in which one or both nuclei break up. The breakup may

occur through the exchange of an additional photon, as illustrated in Fig. 2(c).

In calculations of ultraperipheral AB collisions, the impact parameter is usually
required to be larger than the sum of the two nuclear radii, b > RA + RB. Strictly

speaking, an ultraperipheral electromagnetic interaction could occur simultaneously

with a hadronic collision. However, since it is not possible to separate the hadronic and

electromagnetic components in such collisions, the hadronic components are excluded

by the impact parameter cut.
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Ultra-peripheral collisions (UPCs)
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In calculations of ultraperipheral AB collisions, the impact parameter is usually
required to be larger than the sum of the two nuclear radii, b > RA + RB. Strictly

speaking, an ultraperipheral electromagnetic interaction could occur simultaneously

with a hadronic collision. However, since it is not possible to separate the hadronic and

electromagnetic components in such collisions, the hadronic components are excluded

by the impact parameter cut.
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photons. A decade later, Weizsäcker and Williams applied the method [2] to relativistic

ions. Ultraperipheral collisions, UPCs, are those reactions in which two ions interact via

their cloud of virtual photons. The intensity of the electromagnetic field, and therefore

the number of photons in the cloud surrounding the nucleus, is proportional to Z2. Thus

these types of interactions are highly favored when heavy ions collide. Figure 1 shows
a schematic view of an ultraperipheral heavy-ion collision. The pancake shape of the

nuclei is due to Lorentz contraction.
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Figure 1. Schematic diagram of an ultraperipheral collision of two ions. The impact
parameter, b, is larger than the sum of the two radii, RA +RB. Reprinted from Ref. [3]
with permission from Elsevier.

Ultraperipheral photon-photon collisions are interactions where the radiated

photons interact with each other. In addition, photonuclear collisions, where one
radiated photon interacts with a constituent of the other nucleus, are also possible.

The two processes are illustrated in Fig. 2(a) and (b). In these diagrams the nucleus

that emits the photon remains intact after the collision. However, it is possible to have

an ultraperipheral interaction in which one or both nuclei break up. The breakup may

occur through the exchange of an additional photon, as illustrated in Fig. 2(c).

In calculations of ultraperipheral AB collisions, the impact parameter is usually
required to be larger than the sum of the two nuclear radii, b > RA + RB. Strictly

speaking, an ultraperipheral electromagnetic interaction could occur simultaneously

with a hadronic collision. However, since it is not possible to separate the hadronic and

electromagnetic components in such collisions, the hadronic components are excluded
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their cloud of virtual photons. The intensity of the electromagnetic field, and therefore

the number of photons in the cloud surrounding the nucleus, is proportional to Z2. Thus

these types of interactions are highly favored when heavy ions collide. Figure 1 shows
a schematic view of an ultraperipheral heavy-ion collision. The pancake shape of the
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Figure 1. Schematic diagram of an ultraperipheral collision of two ions. The impact
parameter, b, is larger than the sum of the two radii, RA +RB. Reprinted from Ref. [3]
with permission from Elsevier.

Ultraperipheral photon-photon collisions are interactions where the radiated

photons interact with each other. In addition, photonuclear collisions, where one
radiated photon interacts with a constituent of the other nucleus, are also possible.

The two processes are illustrated in Fig. 2(a) and (b). In these diagrams the nucleus

that emits the photon remains intact after the collision. However, it is possible to have

an ultraperipheral interaction in which one or both nuclei break up. The breakup may

occur through the exchange of an additional photon, as illustrated in Fig. 2(c).

In calculations of ultraperipheral AB collisions, the impact parameter is usually
required to be larger than the sum of the two nuclear radii, b > RA + RB. Strictly

speaking, an ultraperipheral electromagnetic interaction could occur simultaneously

with a hadronic collision. However, since it is not possible to separate the hadronic and

electromagnetic components in such collisions, the hadronic components are excluded

by the impact parameter cut.
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System
p
sAB EA EB (a) �A$B (b) E�Max (c) Erest

�Max (d) Wmax
�p (e) x�Max

pPb 115 GeV 7 TeV mB 7515 28 MeV 210 GeV 19.8 GeV 0.03
Pbp 72 GeV 2.76 TeV mB 2946 28 MeV 82 GeV 12.4 GeV 0.03
pPb 5.02 TeV 4 TeV 1.567 TeV 1.43⇥ 107 28 MeV 0.4 PeV 0.86 TeV 0.03
pPb 8.16 TeV 6.5 TeV 2.56 TeV 3.78⇥ 107 28 MeV 1 PeV 1.4 TeV 0.03
pp 13 TeV 6.5 TeV 6.5 TeV 9.6⇥ 107 116 MeV 11 PeV 4.6 TeV 0.12

Table 1: (a) Lorentz boost between nucleon rest frames �A$B ⇡
sAB

2m2
N

; (b) Maximal photon energy in UPC

in emitter rest frame, ~c
bmin

; (c) Max energy of photon in receiver rest frame �A$BE�Max; (d) Maximum

photoproduction centre of mass energy
p

2mAE�max; (e) Maximal momentum fraction transferred to

proton
smax

�N

sNN

. The A/B quantities are per nucleon.
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kinematic reconstruction be done when making the experimental measurement.90

2 Defining the Signal91

Photoproduction implies a photon induced interaction, see figure 3. In pPb/Pbp collisions due to the92

enhanced photon flux from the Pb ion, the contribution of photon induced interactions from the proton93

can be considered negligible.

Pb

p

�

X

Figure 3: Photoproduction in pPb/Pbp collisions.
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In what follows leading order (LO) partonic processes for colour singlet vector-meson production are95

considered. The first processes that will be discussed are classified as di↵ractive. Di↵ractive processes96

involve a colourless exchange of particles. These contributions are mediated by a photon-Pomeron exchange.97

At LO the Pomeron can be thought of as a two-gluon colour singlet state. This exchange can either leave98

the proton intact or cause the proton to be excited and disassociate. Figures 4a and 4b show what will be99

referred to as the di↵ractive and di↵ractive-dissociative contributions to J/ production respectively. In100

[15] the di↵ractive and di↵ractive-dissociative contributions were distinguished by looking for the presence101

or absence of activity in the forward detectors, to signal a dissociated or intact proton. In ep collisions the102

measured cross-sections for di↵ractive and di↵ractive-dissociative were found to be comparable [15]. The103

p2T distribution was found to be flatter for the di↵ractive-dissociative than for the pure di↵ractive case and104

the W�p distribution was found to be steeper for the di↵ractive-dissociative than for the pure di↵ractive105

contribution [15]. These di↵ractive contributions make up the exclusive signal.106
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with permission from Elsevier.

Ultraperipheral photon-photon collisions are interactions where the radiated

photons interact with each other. In addition, photonuclear collisions, where one
radiated photon interacts with a constituent of the other nucleus, are also possible.

The two processes are illustrated in Fig. 2(a) and (b). In these diagrams the nucleus

that emits the photon remains intact after the collision. However, it is possible to have

an ultraperipheral interaction in which one or both nuclei break up. The breakup may

occur through the exchange of an additional photon, as illustrated in Fig. 2(c).

In calculations of ultraperipheral AB collisions, the impact parameter is usually
required to be larger than the sum of the two nuclear radii, b > RA + RB. Strictly

speaking, an ultraperipheral electromagnetic interaction could occur simultaneously

with a hadronic collision. However, since it is not possible to separate the hadronic and

electromagnetic components in such collisions, the hadronic components are excluded

by the impact parameter cut.
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Kinematic coverage

4

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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• 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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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
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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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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,
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with more than four tracks reconstructed. Figure 3 shows that CEP-enriched events have
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HRC. To select exclusive J/ψ and ψ(2S) candidates, it is required that
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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
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The estimation of the signal efficiency, ϵH, for the requirement log(χ2
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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.
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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-
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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

J. Phys. G: Nucl. Part. Phys. 41 (2014) 055002

p
s = 7 TeV
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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.

– 4 –

= Bethe-Heitler process
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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 7: Di↵erential cross-section for (left) J/ and (right)  (2S) mesons. Theoretical predic-
tions from Jones et al. [91, 92] and Flett et al. [45] are shown for comparison.

tion. The branching fraction for  (2S)! e+e� is used under the assumption of lepton
universality as it is more precise than that of  (2S)! µ+µ�. The resulting di↵erential
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Predictions based on gluon PDF:
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ALICE detector  (Run 3)

TPC: |hlab| < 0.9, Muon Detector: 2.5 < hlab < 4 

Run 3 and 4:  New Inner Silicon Tracker, A Muon Forward Tracker
 Continuous readout(*): 50 kHz in Pb-Pb, 200 kHz up to 1 MHz in pp and p-A
(*)The feasible rate also depends on the detector occupancy in a fixed-target mode

central rapidity region:
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Fig. 1 Mass distributions of selected dileptons for the dielectron
(upper left) and dimuon (upper right) samples for the central analy-
sis and dimuon samples for the semi-forward (lower left) and semi-
backward (lower right) analyses. In all cases the data are represented

by points with error bars. The solid blue line is a fit to a Crystal-Ball
function plus an exponential distribution, where this last contribution is
shown by a dotted red line

of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from

123
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of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from

123

Exclusive J/ѱ production in pPb collisions at ALICE
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ALICE detector  (Run 3)

TPC: |hlab| < 0.9, Muon Detector: 2.5 < hlab < 4 

Run 3 and 4:  New Inner Silicon Tracker, A Muon Forward Tracker
 Continuous readout(*): 50 kHz in Pb-Pb, 200 kHz up to 1 MHz in pp and p-A
(*)The feasible rate also depends on the detector occupancy in a fixed-target mode

central rapidity region:

e+e- and μ+μ- detection

forward rapidity region:

μ+μ- detection

+ Requirement on forward/backward 
scintillators and far-foward/backward 
neutron zero-degree calorimeters (ZDCs)
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Fig. 1 Mass distributions of selected dileptons for the dielectron
(upper left) and dimuon (upper right) samples for the central analy-
sis and dimuon samples for the semi-forward (lower left) and semi-
backward (lower right) analyses. In all cases the data are represented

by points with error bars. The solid blue line is a fit to a Crystal-Ball
function plus an exponential distribution, where this last contribution is
shown by a dotted red line

of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from
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Fig. 1 Mass distributions of selected dileptons for the dielectron
(upper left) and dimuon (upper right) samples for the central analy-
sis and dimuon samples for the semi-forward (lower left) and semi-
backward (lower right) analyses. In all cases the data are represented

by points with error bars. The solid blue line is a fit to a Crystal-Ball
function plus an exponential distribution, where this last contribution is
shown by a dotted red line

of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from
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ALICE detector  (Run 3)

TPC: |hlab| < 0.9, Muon Detector: 2.5 < hlab < 4 

Run 3 and 4:  New Inner Silicon Tracker, A Muon Forward Tracker
 Continuous readout(*): 50 kHz in Pb-Pb, 200 kHz up to 1 MHz in pp and p-A
(*)The feasible rate also depends on the detector occupancy in a fixed-target mode

central rapidity region:

e+e- and μ+μ- detection

forward rapidity region:

μ+μ- detection

+ Requirement on forward/backward 
scintillators and far-foward/backward 
neutron zero-degree calorimeters (ZDCs)
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Fig. 1 Mass distributions of selected dileptons for the dielectron
(upper left) and dimuon (upper right) samples for the central analy-
sis and dimuon samples for the semi-forward (lower left) and semi-
backward (lower right) analyses. In all cases the data are represented

by points with error bars. The solid blue line is a fit to a Crystal-Ball
function plus an exponential distribution, where this last contribution is
shown by a dotted red line

of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from
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Fig. 1 Mass distributions of selected dileptons for the dielectron
(upper left) and dimuon (upper right) samples for the central analy-
sis and dimuon samples for the semi-forward (lower left) and semi-
backward (lower right) analyses. In all cases the data are represented

by points with error bars. The solid blue line is a fit to a Crystal-Ball
function plus an exponential distribution, where this last contribution is
shown by a dotted red line

of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from
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<latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit>
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�
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ω, φ, ρ

Hard exclusive meson production
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Exclusive meson photoproduction
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c̄

GPDs

J/ 

large masshard scale = hard scale =

GPDs

Pb

pPb: use Z2 dependence of photon flux 

→ Pb is predominantly photon emitter
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Extraction of the J/ѱ photoproduction
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�

Exclusive meson production

 5
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e
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*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c

c̄

GPDs

J/ 

large masshard scale = hard scale =

J/ ,⌥
<latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit>
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ω, φ, ρ

Hard exclusive meson production
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Exclusive meson photoproduction
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c̄

GPDs

J/ 

large masshard scale = hard scale =

GPDs

Pb

pPb: use Z2 dependence of photon flux 

→ Pb is predominantly photon emitter
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�
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GPDs
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large masshard scale = hard scale =

J/ ,⌥
<latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit>

Exclusive meson production

 5

p p

�

p p

e

e

*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c

c̄

GPDs

J/ 

large masshard scale = hard scale =

GPDs

p

pp: ambiguity in ID of photon emitter
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Extraction of the J/ѱ photoproduction
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e
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GPDs

ξx+ ξx-

t

ω, φ, ρ

Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c

c̄

GPDs

J/ 

large masshard scale = hard scale =

J/ ,⌥
<latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit>

Exclusive meson production

 5

p p

�

p p

e

e

*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c

c̄

GPDs

J/ 

large masshard scale = hard scale =

GPDs

Pb

LHCb used HERA data for low-Eɣ (        ) contribution.
<latexit sha1_base64="NU2MCt0TGxpPGVZY2/fOKCYY6KU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURRY9FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD63eWa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3qXVff+olK7yeMowhEcwyl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w/UnY1/</latexit>
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pPb: use Z2 dependence of photon flux 

→ Pb is predominantly photon emitter
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large masshard scale = hard scale =

J/ ,⌥
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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

<latexit sha1_base64="naxP7bPcycOgTpJGIRuaG+qagUk=">AAACDHicbVDNSgMxGMzWv1r/qh69BIvgqezWgl6EghcvQgX7A921ZNNsG5pklyQrLMs+gBdfxYsHRbz6AN58G7PtHrR1IDCZmY/kGz9iVGnb/rZKK6tr6xvlzcrW9s7uXnX/oKvCWGLSwSELZd9HijAqSEdTzUg/kgRxn5GeP73K/d4DkYqG4k4nEfE4GgsaUIy0kYbV2nSYuhHPLt1AIpze5DdFsyxtZOQ+d2CSmZRdt2eAy8QpSA0UaA+rX+4oxDEnQmOGlBo4dqS9FElNMSNZxY0ViRCeojEZGCoQJ8pLZ8tk8MQoIxiE0hyh4Uz9PZEirlTCfZPkSE/UopeL/3mDWAcXXkpFFGsi8PyhIGZQhzBvBo6oJFizxBCEJTV/hXiCTCva9FcxJTiLKy+TbqPunNUbt81aq1nUUQZH4BicAgecgxa4Bm3QARg8gmfwCt6sJ+vFerc+5tGSVcwcgj+wPn8A/iWcKg==</latexit>

•                        = photon energy

dn

dk±
<latexit sha1_base64="6N5E0cqT0Ag4/GutHxcTyYP018k=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQWdFlw47KCfUATwmQyaYfOTMLMRAgh/oobF4q49UPc+TdO2yy09cCFwzn3cu89Ycqo0o7zbW1sbm3v7Nb26vsHh0fH9snpQCWZxKSPE5bIUYgUYVSQvqaakVEqCeIhI8Nwdjv3h49EKpqIB52nxOdoImhMMdJGCuyGF0uEi0iURTQLCi/lZRnYTaflLADXiVuRJqjQC+wvL0pwxonQmCGlxq6Tar9AUlPMSFn3MkVShGdoQsaGCsSJ8ovF8SW8MEoE40SaEhou1N8TBeJK5Tw0nRzpqVr15uJ/3jjT8Y1fUJFmmgi8XBRnDOoEzpOAEZUEa5YbgrCk5laIp8ikoU1edROCu/ryOhm0W+5Vq33faXY7VRw1cAbOwSVwwTXogjvQA32AQQ6ewSt4s56sF+vd+li2bljVTAP8gfX5A8y7lXg=</latexit>

•          = photon flux

•                             = 𝜸p invariant massW 2
± = 2k±

p
s
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

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

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

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

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

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

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

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

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

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

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

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

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

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

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

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

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

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

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

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

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

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

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

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

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

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

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

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

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

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

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

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

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

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

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

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

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

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

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

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

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

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

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

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

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

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

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

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

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

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

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

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

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

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

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

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

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

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

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

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

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

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

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

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

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

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

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

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

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

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

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

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

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

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

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

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

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

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

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

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

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

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

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

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

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

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

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

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

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ
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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]
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photon-proton energy W�p for J/ and  (2S) production. The shaded areas represent the 68%
C.L. fit uncertainties. (Right) measured b slopes for J/ production by the LHCb (this paper),
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and slopes are determined to be

↵0,J/ = 0.133± 0.024± 0.006 (GeV/c)�2,

↵0, (2S) = 0.178± 0.124± 0.004 (GeV/c)�2,

bJ/ 0 = 4.80± 0.24± 0.06 (GeV/c)�2,

b (2S)0 = 4.02± 1.23± 0.03 (GeV/c)�2,

where the first uncertainty is statistical and the second systematic. The systematic
uncertainties are obtained by taking the di↵erence of the central value when the fit is
performed with and without the systematic uncertainties accounted for in the fit. The fit
to J/ data agrees with previous determinations in ep collisions [89,95–97] but is below
the prediction of Ref. [98].
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Table 3 Values of the ϒ(1S) photoproduction cross section in four
rapidity y bins, corresponding to four photon–proton Wγ p centre-of-
mass energy ranges (with central W0 value obtained following the pro-
cedure outlined in Ref. [62]), in pPb collisions at

√
sNN = 5.02 TeV.

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

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

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

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

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

⟨y⟩ −1.45 −0.35 0.35 1.45

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

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

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

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

Nϒ(1S) = fϒ(1S)Nϒ(sum)

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

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

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

W0 (GeV) 133 231 328 568

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

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

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

IIM-LCG

bCGC-BG

JMRT-LO

JMRT-NLO

0.42±=1.08δFit CMS: 

Fit HERA+CMS+LHCb:

0.14±=0.77δ

 (5.02 TeV)-1pPb 32.6 nbCMS

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

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

The data are compared to the predictions of the JMRT
model, including LO and NLO corrections. A fit with the
power-law function in the entire Wγ p range of the data yields
δ = 1.39 and δ = 0.84 for the LO and NLO calculations,
respectively. The LO predictions show a steeper increase of
the cross section with energy than seen in the data over the full
kinematic range. The NLO prediction reproduces the mea-
sured rise of the cross section with Wγ p. The recent LHCb
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Eur. Phys. J. C 79 (2019) 277
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?
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
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.
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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
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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
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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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Experimental important points

Classification of di↵ractive events

Coherent di↵raction:

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

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

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

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).

Gѫ
�G
W�

|t|

Coherent/Elastic

Incoherent/Breakup

W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001

Mäntysaari, Rept. Prog. Phys. 83, 2020
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~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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Coherent production in PbPb at ALICE

15

Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration

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

s coh
y 0
dy

s coh
J/y
dy

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

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

5 Discussion

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

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

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

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

15

no  gluon 

shadowing

        -4.0<y<-2.5 


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

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

|y|<0.8 ⟷ 0.3 x 10-3 < xB < 1.4 x10-3

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

Rg =
gPb

Agp
⇡ 0.65 at x ⇡ 10�3

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

First measurement of the |t|-dependence of coherent J/ψ photonuclear productionALICE Collaboration
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Figure 2: Dependence on |t| of the photonuclear cross section for the coherent photoproduction of J/ψ off Pb
compared with model predictions [10, 11, 26] (top panel). Model to data ratio for each prediction in each measured
point (bottom panel). The uncertainties are split to those originating from experiment and to those originating from
the correction to go from the UPC to the photonuclear cross section.
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Disentangling the ambiguity on the ID of the 𝜸 emitter

detector

QED Double pomeron exchange
(Scalar / tensor mesons)

Photoproduction
(Vector mesons)

Signal: Central system with rapidity gaps down to proton

Background: Proton dissociation; finite detector acceptance 
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Measurements

µ+
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Disentangling the ambiguity on the ID of the 𝜸 emitter

Make measurement  with

possibility to detect neutrons
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enhanced for large       at small impact parameter.
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scenarios are shown [33]. The color dipole (CD) models,
with different model parameters (BGK, BGW, IIM),
assume quark-antiquark dipole scattering from the nuclear
targets [62].
For the case of no neutron selection (AnAn), the data

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

photoproduction cross section as a function of WPb
γN up to

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

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

energy dependence, approximately quadrupling as WPb
γN

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

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

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

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

γN from the CMS measurement in Pb-Pb UPCs
at

ffiffiffiffiffiffiffiffi
sNN

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

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

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

• Exclusive single-quarkonium production in pp: 

• unique potential to constrain GPDs at very low xB, down to 10-6

• probe universality


• Exclusive single-quarkonium production in pPb:

     cleanest channel to probe the proton in hadron-hadron collisions, since absence of ambiguity


• Exclusive single-quarkonium production in PbPb:

• access to nuclear GPDs

• potential to probe saturation effects

• neutron tagging by CMS and ALICE: intriguing small linear rise of cross section for W𝞬N>40 GeV


• Future measurements will allow to probe low xB and high xB region (with fixed target)



Back up



6 Results and discussion

The integrated cross-sections of coherent J/ and  (2S) production in PbPb collisions
are measured in the rapidity region 2.0 < y⇤ < 4.5 as

�coh
J/ = 5.965 ± 0.059 ± 0.232 ± 0.262 mb ,

�coh
 (2S) = 0.923 ± 0.086 ± 0.028 ± 0.040 mb ,

where the first listed uncertainty is statistical, the second is systematic and the third is
due to the luminosity determination. The ratio of the coherent  (2S) to J/ production
cross-sections is measured to be

�coh
 (2S)/�

coh
J/ = 0.155 ± 0.014 ± 0.003 ,

where the first uncertainty is statistical and the second is systematic. The luminosity
uncertainty cancels in the ratio measurement.

The measured di↵erential cross-sections as a function of y⇤ and p⇤T for coherent J/ 
and  (2S) are shown in Figs. 4 and 5, respectively. The cross-section ratio of coherent
 (2S) to J/ production as a function of rapidity is shown in Fig. 6. The numerical values
of the results are reported in Tables 5 – 9 in Appendix A. These results are compared to
several theoretical predictions in Figs. 4, 5 and 6 which can be grouped into models based
on perturbative-QCD (pQCD) [8, 22] and colour-glass-condensate (CGC) [6, 7, 23–28]
calculations.

The models provided by Guzey et al. [8, 22] are based on pQCD calculations under
the leading-logarithm approximation. The exclusive J/ photo-production cross-section
on a proton target is calculated at leading order. The final cross-section is calculated
with the weak and strong leading twist nuclear shadowing (LTA) models (LTA W and
LTA S, respectively) [29], together with the EPS09 [30] and EPPS16 [31, 32] nuclear
parton distribution functions. These models are compatible with the data, with excellent
agreement at high rapidity and a slight trend of underestimation at low rapidity for both
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Figure 4: Di↵erential cross-section as a function y⇤ for coherent (left) J/ and (right)  (2S)
production, compared to theoretical predictions. These models are grouped as (red lines)

perturbative-QCD calculations and (blue lines) colour-glass-condensate models.
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Coherent photoproduction in PbPb: y dependence
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Coherent photoproduction in PbPb: pT dependence
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Figure 4. Differential cross-section as a function y∗ for coherent (left) J/ψ and (right) ψ(2S)
photoproduction, compared to theoretical predictions.
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Figure 5. Differential cross-section as a function of p∗
T within the rapidity range 2 < y∗ < 4.5 for

coherent (left) J/ψ and (right) ψ(2S) photoproduction compared to theoretical predictions.

where the first uncertainty is statistical and the second is systematic. The luminosity
uncertainty cancels in the ratio measurement.

The measured differential cross-sections for coherent J/ψ and ψ(2S) photoproduction
as functions of y∗ and p∗

T are shown in figures 4 and 5, respectively. The cross-section ratio
of coherent photoproduction between ψ(2S) and J/ψ as a function of rapidity is shown
in figure 6. The data are shown as black points with black error bars for the statistical
uncertainties, red boxes show the systematic uncertainties and the fully correlated uncer-
tainty due to integrated luminosity is labelled separately. In the same figures, the results
are compared to several theoretical predictions. The numerical values of the results are
reported in tables 5–9 in appendix A.

The STARlight prediction is based on the concept of vector meson dominance with
parameters tuned according to previous UPC data [16]. As shown in figures 4 and 5, it
gives a good description of the decreasing slope as a function of y∗ and the shape as a
function of p∗

T, but the overall predicted normalisation is about 20% and 50% higher for
J/ψ and ψ(2S) production, respectively. The ratio between ψ(2S) and J/ψ production in
figure 6 is also well modelled within data uncertainties.
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Figure 6. Differential cross-section ratio of ψ(2S) to J/ψ coherent photoproduction as a function
of y∗, compared to theoretical predictions.

Two sets of calculations using leading-order perturbative QCD (LO pQCD) are pro-
vided by Guzey, Kryshen, Strikman and Zhalov [12, 26] (GKSZ) for both J/ψ and ψ(2S)
coherent photoproduction. One uses the leading twist approximation (LTA) [27] to model
the nuclear shadowing effect in the initial state. The shaded area labelled “LTA” in fig-
ure 4 corresponds to the uncertainties on the nuclear shadowing determined in ref. [27].
The other uses EPS09 nuclear parton distribution functions (nPDFs) [28] for the nuclear
shadowing, with an error band labelled “nPDF unce.” under “EPS09” in figure 4 presenting
the uncertainties of the nuclear modification. Note that the two LO pQCD calculations
carry ad hoc normalisation factors of the cross-section determined using high-energy HERA
data [12, 29]. Both of them predict well the shapes of the data for both J/ψ and ψ(2S)
production as a function of y∗ in figure 4. A slightly larger (smaller) p∗

T is predicted for J/ψ
(ψ(2S)) production than the data in figure 5. An underestimation of about 15% of the nor-
malisation can be seen for both J/ψ and ψ(2S) production, but the ratio is well modelled
in figure 6. The large nPDF uncertainties in figure 4 indicate that coherent charmonium
photoproduction in heavy ion collisions is very sensitive to the nuclear modification factors,
especially to the modelling of the gluon shadowing, used in the LO pQCD calculations [12].

The next-to-leading-order (NLO) pQCD calculation using the most recent EPPS21
NLO nPDFs [30] is provided by Flett, Eskola, Guzey, Löytäinen and Paukkunen [31]
(FEGLP), and is only available for J/ψ production as shown in the left plot of figure 4. This
is the first pQCD calculation without using ad hoc normalisation factors of the cross-section
compared to previous LO calculations. The predicted central value is about 15 − 20%
lower than the data, which is calculated based on a factorization/renormalisation scale,
µ = 0.76mJ/ψ = 2.37GeV, tuned using previous ALICE [8, 9, 32, 33], LHCb [7] and
CMS [6] data. The substantial shaded area labelled “scale variation” corresponds to a
variation of µ from mJ/ψ /2 to mJ/ψ , indicating that the cross-section is extremely sensitive
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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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Dissociative production measured by ALICE

28numerical tool sPlot is used [58]. Based on an extended
maximum likelihood fit to the mass distribution of the
sample (left panel of Fig. 3), the sPlot procedure assigns
weights denoted as swn on an event-by-event basis.
Assuming these weights can be computed as a linear
combination of conditional probabilities, they are given
by the following formula for the category n ¼ 1, 2 of events
in the sample (J=ψ signal or γγ → μþμ−)

swnðMμμÞ ¼
PNs

i¼1 VnifiðMμμÞPNs
j¼1NjfjðMμμÞ

; ð1Þ

where f is the probability density function of the fit, Mμμ

denotes the mass used as the discriminating variable for
each event, i and j are the indices indicating a sum over the
Ns ¼ 2 categories, and V is the covariance matrix of the
yields Nj which is evaluated in a separate fit, in which all
shape-related parameters are fixed. The pT distribution for
two-photon interactions extracted with the sPlot technique
is shown in the right panel of Fig. 3 and is fitted up to

pT ¼ 0.38 GeV=c with a single-component fit parame-
trized with a Landau distribution, from which the location
and scale parameters are extracted. The small correlation
between the mass and pT of dimuons produced in two-
photon interactions was found to have a negligible
impact on the sPlot procedure. In addition, the extracted
number of γγ → μþμ− events in the J=ψ peak range
(2.5 < Mμμ < 3.5 GeV=c2) is compared with STARlight
and an agreement within 1σ is found (accounting for the
statistical uncertainties only). This number is also in good
agreement with the number of continuum dimuon events
extracted from the final two-dimensional fit.
The shape of the pT distribution for the exclusive J=ψ

events in γp interactions is given by the H1 parametrization
[40] dN=dpT ∝ pT × expð−bexcp2

TÞ, where bexc is a fixed
parameter. J=ψ mesons coming from ψð2SÞ decays are also
included in this contribution. The bexc value is determined
using the sample described in Sec. III B, by fitting simulta-
neously the dimuon invariant mass and pT without the
contribution of dissociative J=ψ events. The dimuon invari-
ant mass and pT projections of this fit are shown in Fig. 4.

FIG. 2. Projections of the two-dimensional fit on the dimuon invariant mass (left) and pT (right).

FIG. 3. Left: dimuon invariant mass distribution using the selection given in Sec. III B, fitted with a two-component model to separate
J=ψ events from two-photon interactions in the continuum. Right: pT distribution of the exclusive γγ → μþμ− continuum extracted
using the sPlot technique. The distribution is fitted with a Landau distribution.
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