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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.
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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.

photon PDF is not well constrained. In order to regain some theoretical control it is suggested that some89

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.
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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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YOu already used LO in subsec. 1.1., you should define it there

Better, I think: “The contribution of photon induced interactions from the proton
can be considered negligible.in pPb collisions because of the enhance photon 
flux from the lead ion.”
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Exclusive processes
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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

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

Hard exclusive meson production

Hard scale=large Q2

γ, ρ
,ω

,ϕ

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

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

4

�
⇤



Exclusive processes

3

p p

�

Exclusive meson production

 5

p p

�

p p

e

e

*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

Hard exclusive meson production
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Exclusive meson photoproduction
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Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

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

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

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)
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Hard exclusive meson production

Hard scale=large Q2
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Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.
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Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

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

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

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

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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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
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L ! mesonL) ⇠ 1/Q

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

Hard exclusive meson production

Hard scale=large Q2

γ, ρ
,ω

,ϕ

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

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

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

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

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

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

•Bjorken-x variable: photoproduction
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• hard scale of the interaction:

•Bjorken-x variable: photoproduction
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To compare with theoretical predictions, which are generally expressed with-

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

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

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

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

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

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

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

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

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

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

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

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

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

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

σpp→pψp = r(W+)k+
dn

dk+
σγp→ψp(W+) + r(W−)k−

dn

dk−
σγp→ψp(W−). (6.1)

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

photon flux and W 2
± = 2k±

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

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

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

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

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

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

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

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

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

high values of W beyond the kinematic reach of HERA.

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

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

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

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

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

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

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

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

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

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

7 Conclusions

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

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

– 14 –

relation pp and 𝜸p cross section:

• r = gap survival factor

k± =
M 

2
e±y
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•                        = photon energy
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dk±
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•          = 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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7

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

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

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

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

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

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

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

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

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

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

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

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

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

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

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

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

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

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

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

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

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

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

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

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

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

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

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

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

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

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

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

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

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

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

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

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

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

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

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

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

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

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

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

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

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

112004-10

pp

pPb
GPD H

Phys. Rev. D 108 (’23) 112004

Hard scale: fixed by the charm mass

p p

�

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 =

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/p

7



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

7

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

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

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

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

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

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

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

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

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

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

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

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

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

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

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

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

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

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

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

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

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

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

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

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

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

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

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

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

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

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

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

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

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

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

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

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

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

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

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

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

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

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

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

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

√
sNN = 5.02 TeV.

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

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

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

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

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

⟨y⟩ −1.45 −0.35 0.35 1.45

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

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

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

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

Nϒ(1S) = fϒ(1S)Nϒ(sum)

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

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

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

W0 (GeV) 133 231 328 568

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

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

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

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four parton helicity-flip twist-2 GPDs

ẼT (x, ⇠, t)

ET (x, ⇠, t)

proton helicity flipproton helicity non flip

Four parton helicity-conserving twist-2 GPDs

parton-spin independent

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

E(x, ⇠, t)H(x, ⇠, t)

• for spin-1/2 hadron:
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Polarisation and angles
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parton-spin independent

parton-spin dependentH̃(x, ⇠, t) Ẽ(x, ⇠, t)
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• for spin-1/2 hadron:
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π
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scattering plane

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

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

2.2 Definition of angles and coordinate systems

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

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

and is defined in the target rest frame.

2.3 Natural and unnatural-parity-exchange helicity
amplitudes

The helicity amplitudes F�V �0
N���N

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

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

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

virtual-photon polarization vector e
(��)
 :

F�V �0
N���N

= (�1)�� hv�V p
0
�
0
N |J


|p�N ie

(��)
 , (9)

where a summation over the Lorentz index  is performed.

Here, e(±1)
 and e

(0)
 indicate transverse and longitudinal

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

e
(±1) = (e(±1)

0 , e
(±1)
X , e

(±1)
Y , e

(±1)
Z ) = (0,⌥

1
p
2
,�

i
p
2
, 0) ,

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

(0)
X , e

(0)
Y , e

(0)
Z ) =

1

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

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

q0 =
M⌫ �Q

2

W
, qZ =

M

p
⌫2 +Q2

W
. (11)

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

0
�
0
N | represents the final state

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

N���N
can be decom-

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

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

N���N

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

F�V �0
N���N

= T�V �0
N���N

+ U�V �0
N���N

, (12)

where the NPE and UPE amplitudes are defined as

T�V �0
N���N

=
1

2
[F�V �0

N���N
+ (�1)�N��0

NF�V ��0
N����N

], (13)

U�V �0
N���N

=
1

2
[F�V �0

N���N
� (�1)�N��0

NF�V ��0
N����N

]. (14)

These amplitudes by their definition obey the symmetry
relations

T�V �0
N���N

= (�1)�
0
N��NT�V ��0

N����N
, (15)

U�V �0
N���N

= �(�1)�
0
N��NU�V ��0

N����N
. (16)

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

T
(1)
�V ��

⌘ T�V
1
2��

1
2
= T�V � 1

2��� 1
2
, (17)

U
(1)
�V ��

⌘ U�V
1
2��

1
2
= �U�V � 1

2��� 1
2
, (18)

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

0
N ), and

T
(2)
�V ��

⌘ T�V
1
2��� 1

2
= �T�V � 1

2��
1
2
, (19)

U
(2)
�V ��

⌘ U�V
1
2��� 1

2
= U�V � 1

2��
1
2

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

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

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

, u(2)
�V ��

, but

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

}, Re{t(2)�V ��
} and Re{u(2)

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

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

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

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

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

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

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

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-
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Exclusive  on transversely polarised pρ

H̃
H̃

H H

E

Ẽ
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Polarisation and angles

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four parton helicity-flip twist-2 GPDs
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Fig. 1. Definition of angles in the process eN ! e⇢0N !
e⇡+⇡�N . Here, � is the angle between the ⇢0 production
plane and the lepton scattering plane in the CM system of
virtual photon and target nucleon. The variables ✓ and � are
respectively the polar and azimuthal angles of the decay ⇡+

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

2.2 Definition of angles and coordinate systems

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

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

and is defined in the target rest frame.

2.3 Natural and unnatural-parity-exchange helicity
amplitudes

The helicity amplitudes F�V �0
N���N

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

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

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

virtual-photon polarization vector e
(��)
 :

F�V �0
N���N

= (�1)�� hv�V p
0
�
0
N |J


|p�N ie

(��)
 , (9)

where a summation over the Lorentz index  is performed.

Here, e(±1)
 and e

(0)
 indicate transverse and longitudinal

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

e
(±1) = (e(±1)

0 , e
(±1)
X , e

(±1)
Y , e

(±1)
Z ) = (0,⌥

1
p
2
,�

i
p
2
, 0) ,

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

(0)
X , e

(0)
Y , e

(0)
Z ) =

1

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

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

q0 =
M⌫ �Q

2

W
, qZ =

M

p
⌫2 +Q2

W
. (11)

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

0
�
0
N | represents the final state

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

N���N
can be decom-

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

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

N���N

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

F�V �0
N���N

= T�V �0
N���N

+ U�V �0
N���N

, (12)

where the NPE and UPE amplitudes are defined as

T�V �0
N���N

=
1

2
[F�V �0

N���N
+ (�1)�N��0

NF�V ��0
N����N

], (13)

U�V �0
N���N

=
1

2
[F�V �0

N���N
� (�1)�N��0

NF�V ��0
N����N

]. (14)

These amplitudes by their definition obey the symmetry
relations

T�V �0
N���N

= (�1)�
0
N��NT�V ��0

N����N
, (15)

U�V �0
N���N

= �(�1)�
0
N��NU�V ��0

N����N
. (16)

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

T
(1)
�V ��

⌘ T�V
1
2��

1
2
= T�V � 1

2��� 1
2
, (17)

U
(1)
�V ��

⌘ U�V
1
2��

1
2
= �U�V � 1

2��� 1
2
, (18)

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

0
N ), and

T
(2)
�V ��

⌘ T�V
1
2��� 1

2
= �T�V � 1

2��
1
2
, (19)

U
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2��
1
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

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

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

, u(2)
�V ��

, but

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

}, Re{t(2)�V ��
} and Re{u(2)

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

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

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

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

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

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

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

⇤
L ! VL and �

⇤
T ! VT transitions

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

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

E(x, ⇠, t)H(x, ⇠, t)

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

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

2.2 Definition of angles and coordinate systems

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

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

and is defined in the target rest frame.

2.3 Natural and unnatural-parity-exchange helicity
amplitudes

The helicity amplitudes F�V �0
N���N

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

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

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

virtual-photon polarization vector e
(��)
 :

F�V �0
N���N

= (�1)�� hv�V p
0
�
0
N |J


|p�N ie

(��)
 , (9)

where a summation over the Lorentz index  is performed.

Here, e(±1)
 and e

(0)
 indicate transverse and longitudinal

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

e
(±1) = (e(±1)

0 , e
(±1)
X , e

(±1)
Y , e

(±1)
Z ) = (0,⌥

1
p
2
,�

i
p
2
, 0) ,

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

(0)
X , e

(0)
Y , e

(0)
Z ) =

1

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

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

q0 =
M⌫ �Q

2

W
, qZ =

M

p
⌫2 +Q2

W
. (11)

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

0
�
0
N | represents the final state

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

N���N
can be decom-

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

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

N���N

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

F�V �0
N���N

= T�V �0
N���N

+ U�V �0
N���N

, (12)

where the NPE and UPE amplitudes are defined as

T�V �0
N���N

=
1

2
[F�V �0

N���N
+ (�1)�N��0

NF�V ��0
N����N

], (13)

U�V �0
N���N

=
1

2
[F�V �0

N���N
� (�1)�N��0

NF�V ��0
N����N

]. (14)

These amplitudes by their definition obey the symmetry
relations

T�V �0
N���N

= (�1)�
0
N��NT�V ��0

N����N
, (15)

U�V �0
N���N

= �(�1)�
0
N��NU�V ��0

N����N
. (16)

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

T
(1)
�V ��

⌘ T�V
1
2��

1
2
= T�V � 1

2��� 1
2
, (17)

U
(1)
�V ��

⌘ U�V
1
2��

1
2
= �U�V � 1

2��� 1
2
, (18)

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

0
N ), and

T
(2)
�V ��

⌘ T�V
1
2��� 1

2
= �T�V � 1

2��
1
2
, (19)

U
(2)
�V ��

⌘ U�V
1
2��� 1

2
= U�V � 1

2��
1
2

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

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

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

, u(2)
�V ��

, but

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

}, Re{t(2)�V ��
} and Re{u(2)

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

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

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

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

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

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

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

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-
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Polarisation and angles
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Four parton helicity-flip twist-2 GPDs
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parton-spin independent

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

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

2.2 Definition of angles and coordinate systems

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

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

and is defined in the target rest frame.

2.3 Natural and unnatural-parity-exchange helicity
amplitudes

The helicity amplitudes F�V �0
N���N

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

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

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

virtual-photon polarization vector e
(��)
 :

F�V �0
N���N

= (�1)�� hv�V p
0
�
0
N |J


|p�N ie

(��)
 , (9)

where a summation over the Lorentz index  is performed.

Here, e(±1)
 and e

(0)
 indicate transverse and longitudinal

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

e
(±1) = (e(±1)

0 , e
(±1)
X , e

(±1)
Y , e

(±1)
Z ) = (0,⌥

1
p
2
,�

i
p
2
, 0) ,

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

(0)
X , e

(0)
Y , e

(0)
Z ) =

1

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

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

q0 =
M⌫ �Q

2

W
, qZ =

M

p
⌫2 +Q2

W
. (11)

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

0
�
0
N | represents the final state

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

N���N
can be decom-

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

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

N���N

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

F�V �0
N���N

= T�V �0
N���N

+ U�V �0
N���N

, (12)

where the NPE and UPE amplitudes are defined as

T�V �0
N���N

=
1

2
[F�V �0

N���N
+ (�1)�N��0

NF�V ��0
N����N

], (13)

U�V �0
N���N

=
1

2
[F�V �0

N���N
� (�1)�N��0

NF�V ��0
N����N

]. (14)

These amplitudes by their definition obey the symmetry
relations

T�V �0
N���N

= (�1)�
0
N��NT�V ��0

N����N
, (15)

U�V �0
N���N

= �(�1)�
0
N��NU�V ��0

N����N
. (16)

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

T
(1)
�V ��

⌘ T�V
1
2��

1
2
= T�V � 1

2��� 1
2
, (17)

U
(1)
�V ��

⌘ U�V
1
2��

1
2
= �U�V � 1

2��� 1
2
, (18)

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

0
N ), and

T
(2)
�V ��

⌘ T�V
1
2��� 1

2
= �T�V � 1

2��
1
2
, (19)

U
(2)
�V ��

⌘ U�V
1
2��� 1

2
= U�V � 1

2��
1
2

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

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

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

, u(2)
�V ��

, but

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

}, Re{t(2)�V ��
} and Re{u(2)

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

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

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

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

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

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

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

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-
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• 5 classes of helicity amplitude ratios

via unpolarised target via transversely polarised target

LHC
Possible at EIC

Exclusive production of -meson pair in UPCs: 

probe different types of GPDs and access to variety of hard scales.
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⟶ access to spin-dependent GPDs at the LHC at large xB
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Experimental important pointsClassification of di↵ractive events

Coherent di↵raction:

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

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

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

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).
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•Good separation of coherent and incoherent production: not easy!
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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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energies Wγp ¼ 1; 5 TeV and Q2 ¼ 0; 10 GeV2.
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EXCLUSIVE VECTOR MESON PRODUCTION AT HIGH … PHYSICAL REVIEW D 90, 054003 (2014)

054003-11

N. Armesto and A. H. Rezaeian, Phys. Rev. D 90 (2014) 054003.
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Coherent production in PbPb at ALICE and at the EIC

ALICE, Phys. Lett. B 817 (2021) 136280
First measurement of the |t|-dependence of coherent J/ψ photonuclear productionALICE Collaboration
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Figure 2: Dependence on |t| of the photonuclear cross section for the coherent photoproduction of J/ψ off Pb
compared with model predictions [10, 11, 26] (top panel). Model to data ratio for each prediction in each measured
point (bottom panel). The uncertainties are split to those originating from experiment and to those originating from
the correction to go from the UPC to the photonuclear cross section.
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(blue) and incoherent (black) exclusive J/y production in ePb collisions. Right: Differential
measurement of t and the residue distributions after each veto based on the far-forward
detector system.

Previous measurements of charged hadron multiplicities in semi-inclusive DIS off nuclei by the1012

HERMES collaboration have revealed a clear suppression compared to those off the deuteron target1013

[?]. However, the underlying physics mechanism causing such a suppression is still under debate1014

with two primary candidates: parton energy loss before hadronization vs. hadron absorption after1015

hadronization in cold QCD matter, as both of them can describe the HERMES measurements. At1016

the EIC, charm quarks will be copiously produced, making it possible to measure D0 mesons with1017

high precision. Thanks to its large mass, the parton energy loss picture will lead to a suppression1018

of D0 mesons at high z and an enhancement at low z in e+A collisions with respect to that in e+p1019

collisions, while the hadron absorption scenario should result in a suppression at all z [?]. These1020

two distinct behaviors make D0 meson measurements at the EIC a powerful tool for identifying the1021

underlying mechanism and studying properties of cold QCD matter. Due to its short proper decay1022

length of ⇠ 123 µm, a high-precision tracking device with great pointing resolution is needed to1023

separate the D0 decay vertex from the collision vertex. To reconstruct the D0 meson through its1024

exclusive hadronic decay channel of D0 ! p+ + K�, particle identification with high purity and1025

efficiency is also required. As detailed in Table ??, the ePIC detector is well suited to make such1026

measurements thanks to its excellent pointing resolution, powerful particle identification capability1027

and large acceptance. Performance studies of topological reconstruction of D0 mesons are carried1028

out in 10⇥100 GeV e+p and e+Au collisions with a minimum Q2 of 1 GeV2. Identified p and1029

K tracks with opposite electric charges are paired, and topological variables are calculated using1030

the helix swimming method [?] and used to suppress combinatorial background pairs. Resulting1031

invariant mass distributions of opposite-sign p + K pairs in different pair rapidity intervals are1032

shown in Fig. 2.22. The black squares denote distributions for all pairs, where the D0 signal is1033

overwhelmed by background, while red circles correspond to the case after applying topological1034

selections and the signal-to-background ratios are greatly enhanced. As expected, the best signal1035

significance is achieved at mid-rapidity (�1 < y < 1), where the track pointing resolution and1036

particle identification are the best. Based on these studies, the projected statistical errors on the1037

yield ratios of D0 mesons, also referred to as ReA, are shown in Fig. 2.23 as a function of D0 pT. At1038
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µ+
<latexit sha1_base64="2g/AoK3boc3ti1RHRxa76z/Ya7w=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuW9BjwYvHCm5baNeSTbNtaJJdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+aes4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0serQbniVt0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbRrVa9erd03Ks1GHkcRzuAcLsGDa2jCHbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD3bVjmk=</latexit>

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

p(A)

p(A)

E𝜸 = small

<latexit sha1_base64="YFfh94ARHqh2Zm9o1NRetVnPdmU=">AAACEHicbVDLSsNAFJ3UV62vqks3wSK60JoURTdCUQQRhAr2AU0Mk+mkHTqThJmJUIZ8ght/xY0LRdy6dOffOG2z0NYDFw7n3Mu99/gxJUJa1reRm5mdm1/ILxaWlldW14rrGw0RJRzhOopoxFs+FJiSENclkRS3Yo4h8ylu+v2Lod98wFyQKLyTgxi7DHZDEhAEpZa84u6lp5wuZAzui/TMCThE6sZT14dOLEiaqkqK79XBIPWKJatsjWBOEzsjJZCh5hW/nE6EEoZDiSgUom1bsXQV5JIgitOCkwgcQ9SHXdzWNIQMC1eNHkrNHa10zCDiukJpjtTfEwoyIQbM150Myp6Y9Ibif147kcGpq0gYJxKHaLwoSKgpI3OYjtkhHCNJB5pAxIm+1UQ9qEOROsOCDsGefHmaNCpl+7hs3R6VqudZHHmwBbbBHrDBCaiCK1ADdYDAI3gGr+DNeDJejHfjY9yaM7KZTfAHxucPJfGdTA==</latexit>

E�,s =
MJ/ 

2
e�y

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 

Introduction
O O O O 

Conclusions

2

Measurements

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

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

p(A)

p(A)

E𝜸 = large

<latexit sha1_base64="5zTxebQWDaP2FgbasuSMjDxb+Jk=">AAACEHicbVDLSsNAFJ3UV62vqks3wSIKSk2KohuhKIIIQgX7gCaGyXTSDp1JwsxEKEM+wY2/4saFIm5duvNvnLZZaOuBC4dz7uXee/yYEiEt69vIzczOzS/kFwtLyyura8X1jYaIEo5wHUU04i0fCkxJiOuSSIpbMceQ+RQ3/f7F0G8+YC5IFN7JQYxdBrshCQiCUktecffSU04XMgYPaHrmBBwideOp60MnFiRNVSXF92p/kHrFklW2RjCniZ2REshQ84pfTidCCcOhRBQK0batWLoKckkQxWnBSQSOIerDLm5rGkKGhatGD6XmjlY6ZhBxXaE0R+rvCQWZEAPm604GZU9MekPxP6+dyODUVSSME4lDNF4UJNSUkTlMx+wQjpGkA00g4kTfaqIe1KFInWFBh2BPvjxNGpWyfVy2bo9K1fMsjjzYAttgD9jgBFTBFaiBOkDgETyDV/BmPBkvxrvxMW7NGdnMJvgD4/MHF4WdQw==</latexit>

E�,l =
MJ/ 

2
e+y

<latexit sha1_base64="wAsGzmzu2HZZrrbDbH9875e78Hs="></latexit>

�(y) = N�/A(E�,s) �J/ (E�,s) +N�/A(E�,l) �J/ (E�,l)
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<latexit sha1_base64="wAsGzmzu2HZZrrbDbH9875e78Hs="></latexit>

�(y) = N�/A(E�,s) �J/ (E�,s) +N�/A(E�,l) �J/ (E�,l)

Photon flux                   is function of impact parameter: 

enhanced for large       at small impact parameter.

<latexit sha1_base64="1AQmjj7CSQj86FPU+JDBUQ31xDw=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbOiKLLqgiupIJ9QDsMmTRtQ5PMkGSEMowbf8WNC0Xc+hfu/BvTdgRtPXDh5Jx7yb0niBhV2nG+rNzc/MLiUn65sLK6tr5hb27VVRhLTGo4ZKFsBkgRRgWpaaoZaUaSIB4w0ggGlyO/cU+koqG408OIeBz1BO1SjLSRfHvnxk/aPcQ5OjxPS1c/j/TAt4tO2RkDzhI3I0WQoerbn+1OiGNOhMYMKdVynUh7CZKaYkbSQjtWJEJ4gHqkZahAnCgvGV+Qwn2jdGA3lKaEhmP190SCuFJDHphOjnRfTXsj8T+vFevumZdQEcWaCDz5qBszqEM4igN2qCRYs6EhCEtqdoW4jyTC2oRWMCG40yfPkvpR2T0pO7fHxcpFFkce7II9UAIuOAUVcA2qoAYweABP4AW8Wo/Ws/VmvU9ac1Y2sw3+wPr4BqXzll8=</latexit>

N�/A(E�)
<latexit sha1_base64="vdSPgRZFf7/uBM6Dq4sTYBM2/EA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LEogscK9gPbUCbbTbt0dxN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemHCmjed9O4WV1bX1jeJmaWt7Z3evvH/Q1HGqCG2QmMeqHaKmnEnaMMxw2k4URRFy2gpHN1O/9USVZrF8MOOEBgIHkkWMoLHS420v6w5QCJz0yhWv6s3gLhM/JxXIUe+Vv7r9mKSCSkM4at3xvcQEGSrDCKeTUjfVNEEywgHtWCpRUB1ks4sn7olV+m4UK1vSuDP190SGQuuxCG2nQDPUi95U/M/rpCa6CjImk9RQSeaLopS7Jnan77t9pigxfGwJEsXsrS4ZokJibEglG4K/+PIyaZ5V/Yuqd39eqV3ncRThCI7hFHy4hBrcQR0aQEDCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AZe/kN0=</latexit>

E�
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<latexit sha1_base64="wAsGzmzu2HZZrrbDbH9875e78Hs="></latexit>

�(y) = N�/A(E�,s) �J/ (E�,s) +N�/A(E�,l) �J/ (E�,l)

Photon flux                   is function of impact parameter: 
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N�/A(E�)
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�(y) = N�/A(E�,s) �J/ (E�,s) +N�/A(E�,l) �J/ (E�,l)

Photon flux                   is function of impact parameter: 
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Small impact parameter, b              higher probability for exciting (∝1/b2)  higher probability to emit neutrons.
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Make measurement  with

possibility to detect neutrons

<latexit sha1_base64="wAsGzmzu2HZZrrbDbH9875e78Hs="></latexit>

�(y) = N�/A(E�,s) �J/ (E�,s) +N�/A(E�,l) �J/ (E�,l)

Photon flux                   is function of impact parameter: 

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

cross sections in pp collisions, at
ffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 andffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02
and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV. Future UPC measurements by

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

2. Dissociative J=ψ photoproduction

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

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

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

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

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV
and compared with H1 data [40]. A comparison with the CCT
model [37] is shown. The uncertainties of the data points are the
quadratic sum of the statistical and systematic uncertainties.
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FIG. 9: Example of the proton density profile (illustrated as

a trace of the Wilson line) evolution over 5.3 units of rapidity.
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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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also offers two predictions: with (MSS-fl) and without
nucleon substructure fluctuations (MSS). The model by
Guzey, Strikman, and Zhalov (GSZ) [29] expresses the
incoherent cross section as the sum of an elastic and a
dissociative part (GSZ-elþ diss), both parameterized from
HERA data, multiplied by a common factor representing
shadowing—the fact that the gluon distribution in nuclei is
not just the sum of gluon distributions in constituent
nucleons, see, e.g., Ref. [52]—computed within the lead-
ing-twist approximation [53]. The inclusion of the dis-
sociative component is interpreted by the authors within a
Good-Walker approach as due to quantum fluctuations of
the target. When the dissociative part is excluded (GSZ-el),
the differential cross section is suppressed in the region of
larger jtj. The uncertainty bands reflect the uncertainties on
the parameters of the leading-twist approximation.
When comparing the data with the model predictions, as

shown in Fig. 2, two aspects should be considered: the
normalization, mainly linked to the scaling from proton to
nuclear targets, and the jtj dependence, driven by the size of
the scattering object. None of the models describe both
aspects of data. With regards to the normalization, it is
worth noting that the same models must also describe the
coherent cross section [18], hence a global scaling factor,
such as what would be obtained by using a different

prescription for the wave function [54], would not neces-
sarily improve the agreement of the model with both the
coherent and incoherent cross sections. As for the jtj
dependence of the cross section, the predictions of the
three theory groups substantially improve after the inclu-
sion of subnucleon fluctuations, which modify the jtj
dependence by making it less steep. It is interesting to
compare the MS-p and MSS predictions. The latter shows a
flattening of the spectra at larger jtj. It originates from color
charge fluctuations which change the incoherent cross
section to a power-law-like behavior in this region [49].
This observation reinforces the importance of quantum
fluctuations at large jtj.
The cross section integrated over the interval 0.04 <

jtj < 1 GeV2, measured in the rapidity region jyj < 0.8, is
σγPb ¼ ð7.82$ 0.39$ 0.57Þ μb, where the listed uncer-
tainties are statistical and systematic, respectively. The
corresponding cross sections, in μb, for the models are
7.4, 11.8, 6.6, 9.8, 2.3$ 1.0, and 4.1$ 1.8 for MS-p, MS-
hs, MSS, MSS-fl, GSZ-el, and GSZ-elþ diss, respectively.
In summary, the first measurement of the incoherent

photonuclear production of J=ψ is presented in this Letter.
The measurement was carried out at midrapidity, in a range
corresponding to Bjorken-x within (0.3 − 1.4Þ × 10−3, in
Pb-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Cross sections for five
ranges in jtjwithin 0.04 < jtj < 1 GeV2 are reported. None
of the models describes both the absolute normalization
and the jtj dependence observed in the data. However, a
reasonably good description of the measured jtj-slope is
achieved when the predicted dependence is softened by the
inclusion of scattering structures at a subnucleon scale.
These results confirm the importance of subnucleon fluc-
tuations to describe the measured incoherent J=ψ process at
high energies, representing the first experimental step to
use the quantum fluctuations of the gluon field to search for
saturation effects in heavy nuclei. In addition, this meas-
urement, when confronted to models, demonstrates that
the contribution of the dissociative component to the total
incoherent cross section depends on jtj. Thus, future
analyses shall study the incoherent production of J=ψ as
a function of rapidity and jtj [55]. Finally, this analysis,
together with recent measurements [17,19], indicate that
new or improved theoretical models are needed to describe
simultaneously the energy and jtj dependence of both the
coherent and the incoherent processes of J=ψ photopro-
duction, to gain a better understanding of saturation effects
at a more fundamental level.

The ALICE Collaboration would like to thank all its
engineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN
accelerator teams for the outstanding performance of the
LHC complex. The ALICE Collaboration gratefully
acknowledges the resources and support provided by all
Grid centers and the Worldwide LHC Computing Grid
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FIG. 2. Cross section for the incoherent photoproduction of
J=ψ vector mesons in ultraperipheral Pb-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV measured at midrapidity. The uncorrelated
uncertainty (statistical and systematic added in quadrature) is
indicated with the vertical bar, while the correlated uncertainty
by the gray band. The width of each jtj range is given by the
horizontal bars. The lines show the predictions of the different
models described in the text. The bottom panel presents the
ratio of the integral of the predicted to that of the measured
cross section in each jtj range. The relative uncertainties on the
ratios calculated from GSZ are 45%.
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Figure 1: Schematic description of the inclusive D meson production in electron-proton col-
lisions (left) and in ultraperipheral heavy-ion collisions (right). Here: fi/p and fi/A denotes
PDF in the proton or nucleus, F fragmentation function and �̂ hard scattering process.

toproduction. In addition, the presence of soft electromagnetic interactions between the two
colliding nuclei can lead to breakup of the photon-emitting nucleus, leading to a reduction
the rate of selected Xn0n events. To allow for a direct comparison with the data, a dedicated
correction was computed assuming the factorization of the soft-electromagnetic interactions
and the hard scattering.

The Xn0n selection further requires at least one neutron in the opposite ZDC, which partially
suppresses di↵ractive production in the data. Since the nuclear di↵ractive component is in-
cluded in the theoretical calculation of inclusive charm production, it is important to note
that this component is partially removed in the measurement. A rough estimate based on
nuclear di↵ractive parton distributions from the Frankfurt–Guzey–Strikman model [40] sug-
gests that this e↵ect amounts to about a 10% contribution in the relevant kinematic range.
However, a more detailed study of the di↵ractive component goes beyond the scope of the
present analysis.

The paper is organized as follows: Section 2 describes the main ingredients of the theoretical
calculation of the photoproduction cross section in electron–proton collisions and its exten-
sion to ultraperipheral heavy-ion collisions (UPCs). In Section 3, the resulting predictions
for photoproduction in electron–proton collisions at HERA are presented and compared to
H1 and ZEUS measurements. Section 4 provides the G�A-FONLL predictions for D0 pro-
duction in UPCs, and these predictions are then confronted with recent CMS measurements
in Section 5. Finally, our conclusions are presented in Section 6, where prospects for future
theoretical and experimental e↵orts are also discussed. In the Appendix we include additional
plots with calculations for UPCs.

2 Generalized �A FONLL framework for photonuclear charm
production

The results presented in this paper are obtained within the new G�A-FONLL framework for
photonuclear charm photoproduction. This framework has been developed to provide a com-
prehensive description of heavy-flavor hadron production in photon–proton, photon–nucleus,
and ultraperipheral heavy-ion collisions. In particular, it calculates photoproduction cross
sections using standard collinear factorization theorems in terms of perturbatively calcula-
ble partonic cross sections, PDFs, and fragmentation functions. To ensure consistency with
UPC measurements, the calculations are modified to incorporate the softer photon flux ex-
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Figure1:SchematicdescriptionoftheinclusiveDmesonproductioninelectron-protoncol-
lisions(left)andinultraperipheralheavy-ioncollisions(right).Here:fi/pandfi/Adenotes
PDFintheprotonornucleus,Ffragmentationfunctionand�̂hardscatteringprocess.

toproduction.Inaddition,thepresenceofsoftelectromagneticinteractionsbetweenthetwo
collidingnucleicanleadtobreakupofthephoton-emittingnucleus,leadingtoareduction
therateofselectedXn0nevents.Toallowforadirectcomparisonwiththedata,adedicated
correctionwascomputedassumingthefactorizationofthesoft-electromagneticinteractions
andthehardscattering.

TheXn0nselectionfurtherrequiresatleastoneneutronintheoppositeZDC,whichpartially
suppressesdi↵ractiveproductioninthedata.Sincethenucleardi↵ractivecomponentisin-
cludedinthetheoreticalcalculationofinclusivecharmproduction,itisimportanttonote
thatthiscomponentispartiallyremovedinthemeasurement.Aroughestimatebasedon
nucleardi↵ractivepartondistributionsfromtheFrankfurt–Guzey–Strikmanmodel[40]sug-
geststhatthise↵ectamountstoabouta10%contributionintherelevantkinematicrange.
However,amoredetailedstudyofthedi↵ractivecomponentgoesbeyondthescopeofthe
presentanalysis.

Thepaperisorganizedasfollows:Section2describesthemainingredientsofthetheoretical
calculationofthephotoproductioncrosssectioninelectron–protoncollisionsanditsexten-
siontoultraperipheralheavy-ioncollisions(UPCs).InSection3,theresultingpredictions
forphotoproductioninelectron–protoncollisionsatHERAarepresentedandcomparedto
H1andZEUSmeasurements.Section4providestheG�A-FONLLpredictionsforD0pro-
ductioninUPCs,andthesepredictionsarethenconfrontedwithrecentCMSmeasurements
inSection5.Finally,ourconclusionsarepresentedinSection6,whereprospectsforfuture
theoreticalandexperimentale↵ortsarealsodiscussed.IntheAppendixweincludeadditional
plotswithcalculationsforUPCs.

2Generalized�AFONLLframeworkforphotonuclearcharm
production

TheresultspresentedinthispaperareobtainedwithinthenewG�A-FONLLframeworkfor
photonuclearcharmphotoproduction.Thisframeworkhasbeendevelopedtoprovideacom-
prehensivedescriptionofheavy-flavorhadronproductioninphoton–proton,photon–nucleus,
andultraperipheralheavy-ioncollisions.Inparticular,itcalculatesphotoproductioncross
sectionsusingstandardcollinearfactorizationtheoremsintermsofperturbativelycalcula-
blepartoniccrosssections,PDFs,andfragmentationfunctions.Toensureconsistencywith
UPCmeasurements,thecalculationsaremodifiedtoincorporatethesofterphotonfluxex-

3

Pb

Pb
nPDF

̂ σ
FF

D0

Study nuclear gluon PDFs in new kinematic region

Inclusive D0 photoproduction

9

First measurement by CMS: 

PbPb at sNN=5.36 TeV

�̂

fi/p

D

F

p

e

c

�̂

D

F

A

A

c

fi/A

Figure1:SchematicdescriptionoftheinclusiveDmesonproductioninelectron-protoncol-
lisions(left)andinultraperipheralheavy-ioncollisions(right).Here:fi/pandfi/Adenotes
PDFintheprotonornucleus,Ffragmentationfunctionand�̂hardscatteringprocess.

toproduction.Inaddition,thepresenceofsoftelectromagneticinteractionsbetweenthetwo
collidingnucleicanleadtobreakupofthephoton-emittingnucleus,leadingtoareduction
therateofselectedXn0nevents.Toallowforadirectcomparisonwiththedata,adedicated
correctionwascomputedassumingthefactorizationofthesoft-electromagneticinteractions
andthehardscattering.

TheXn0nselectionfurtherrequiresatleastoneneutronintheoppositeZDC,whichpartially
suppressesdi↵ractiveproductioninthedata.Sincethenucleardi↵ractivecomponentisin-
cludedinthetheoreticalcalculationofinclusivecharmproduction,itisimportanttonote
thatthiscomponentispartiallyremovedinthemeasurement.Aroughestimatebasedon
nucleardi↵ractivepartondistributionsfromtheFrankfurt–Guzey–Strikmanmodel[40]sug-
geststhatthise↵ectamountstoabouta10%contributionintherelevantkinematicrange.
However,amoredetailedstudyofthedi↵ractivecomponentgoesbeyondthescopeofthe
presentanalysis.

Thepaperisorganizedasfollows:Section2describesthemainingredientsofthetheoretical
calculationofthephotoproductioncrosssectioninelectron–protoncollisionsanditsexten-
siontoultraperipheralheavy-ioncollisions(UPCs).InSection3,theresultingpredictions
forphotoproductioninelectron–protoncollisionsatHERAarepresentedandcomparedto
H1andZEUSmeasurements.Section4providestheG�A-FONLLpredictionsforD0pro-
ductioninUPCs,andthesepredictionsarethenconfrontedwithrecentCMSmeasurements
inSection5.Finally,ourconclusionsarepresentedinSection6,whereprospectsforfuture
theoreticalandexperimentale↵ortsarealsodiscussed.IntheAppendixweincludeadditional
plotswithcalculationsforUPCs.

2Generalized�AFONLLframeworkforphotonuclearcharm
production

TheresultspresentedinthispaperareobtainedwithinthenewG�A-FONLLframeworkfor
photonuclearcharmphotoproduction.Thisframeworkhasbeendevelopedtoprovideacom-
prehensivedescriptionofheavy-flavorhadronproductioninphoton–proton,photon–nucleus,
andultraperipheralheavy-ioncollisions.Inparticular,itcalculatesphotoproductioncross
sectionsusingstandardcollinearfactorizationtheoremsintermsofperturbativelycalcula-
blepartoniccrosssections,PDFs,andfragmentationfunctions.Toensureconsistencywith
UPCmeasurements,thecalculationsaremodifiedtoincorporatethesofterphotonfluxex-

3

Pb

Pb
nPDF

̂ σ
FF

D0

Study nuclear gluon PDFs in new kinematic region



Inclusive D0 photoproduction: kinematic coverage

18

Q2 = p2
T,c + m2

c

xB =
Q
sNN

e−yc

• hard scale of the interaction:

•Bjorken-x variable:



Inclusive D0 photoproduction: kinematic coverage

18

4−10 3−10 2−10 1−10 1
 x

1

10

210

310

410

510

610)2
 (G

eV
2

 Q

Proj. UPC charm Run 3 with CMS acceptance
 < 12.0 GeV

T
c < -1.0, 0.0 < pc -2.4 < y
 < 12.0 GeV

T
c < 0.0, 0.0 < pc -1.0 < y
 < 12.0 GeV

T
c < 1.0, 0.0 < pc 0.0 < y
 < 12.0 GeV

T
c < 2.4, 0.0 < pc 1.0 < y

DIS nuclear target
data

N dataγ coverage from 2x-Q

Figure 2: x and Q2 coverage charm production in UPCs collisions. In grey, the existing
coverage from fixed-target deep-inelastic photonuclear measurements is presented [49].

2.3 Photon flux parametrization in electron-proton, electron-nucleus colli-
sions and PbPb UPCs

In order to compute the cross section in electron–proton collisions at HERA or in UPCs at the
LHC, the photoproduction cross section must be convoluted with the photon flux from the
electron or the nucleus, respectively. For UPCs, an e↵ective parametrization was developed to
account for the geometrical properties of the collisions. To enable direct comparison with ex-
perimental measurements, the impact of electromagnetic dissociation on the photon-emitting
nucleus is also taken into account. In this section, a detailed description of the adopted
parametrizations in electron-proton, electron-ion and UPCs lead-lead collisions is provided.

2.4 Photon flux in electron-proton and electron-nucleus collisions

For the description of electron-proton and electron-ion collisions, the original parametrization
implemented in the FONLL code was used. The photon flux from electrons implemented in
the FONLL code for the electroproduction is given by the following formula

f�/e(z) =
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where z is the fraction of the energy of the electron carried by the photon, me is the electron
mass, Q2

max is the limit on the (negative) photon virtuality, and ↵em is the electromagnetic
coupling. The second term in the above expression is a subleading correction, see Ref. [50]. In
Fig. 3, the resulting parametrizations for the photon flux from electrons at HERA are shown.
The solid black curve corresponds to Q2

max = 0.01GeV2, chosen to match the experimental
conditions of the ETAG33 H1 data sample [29]. The dashed blue line uses Q2

max = 2GeV2,
to enable comparison with the 2012 H1 data [31]. The electron flux is very flat over entire
range of z, and has non-negligible dependence on Q2

max. The di↵erence in flux between
Q2

max = 0.01GeV2 and Q2
max = 2GeV2 is of the order of 30 to 60% depending on the fraction

of the energy z. We have checked that the second term in Eq. 4 is a small correction of about
3-7% to the leading logarithmic term.
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Figure 1: Schematic description of the inclusive D meson production in electron-proton col-
lisions (left) and in ultraperipheral heavy-ion collisions (right). Here: fi/p and fi/A denotes
PDF in the proton or nucleus, F fragmentation function and �̂ hard scattering process.

toproduction. In addition, the presence of soft electromagnetic interactions between the two
colliding nuclei can lead to breakup of the photon-emitting nucleus, leading to a reduction
the rate of selected Xn0n events. To allow for a direct comparison with the data, a dedicated
correction was computed assuming the factorization of the soft-electromagnetic interactions
and the hard scattering.

The Xn0n selection further requires at least one neutron in the opposite ZDC, which partially
suppresses di↵ractive production in the data. Since the nuclear di↵ractive component is in-
cluded in the theoretical calculation of inclusive charm production, it is important to note
that this component is partially removed in the measurement. A rough estimate based on
nuclear di↵ractive parton distributions from the Frankfurt–Guzey–Strikman model [40] sug-
gests that this e↵ect amounts to about a 10% contribution in the relevant kinematic range.
However, a more detailed study of the di↵ractive component goes beyond the scope of the
present analysis.

The paper is organized as follows: Section 2 describes the main ingredients of the theoretical
calculation of the photoproduction cross section in electron–proton collisions and its exten-
sion to ultraperipheral heavy-ion collisions (UPCs). In Section 3, the resulting predictions
for photoproduction in electron–proton collisions at HERA are presented and compared to
H1 and ZEUS measurements. Section 4 provides the G�A-FONLL predictions for D0 pro-
duction in UPCs, and these predictions are then confronted with recent CMS measurements
in Section 5. Finally, our conclusions are presented in Section 6, where prospects for future
theoretical and experimental e↵orts are also discussed. In the Appendix we include additional
plots with calculations for UPCs.

2 Generalized �A FONLL framework for photonuclear charm
production

The results presented in this paper are obtained within the new G�A-FONLL framework for
photonuclear charm photoproduction. This framework has been developed to provide a com-
prehensive description of heavy-flavor hadron production in photon–proton, photon–nucleus,
and ultraperipheral heavy-ion collisions. In particular, it calculates photoproduction cross
sections using standard collinear factorization theorems in terms of perturbatively calcula-
ble partonic cross sections, PDFs, and fragmentation functions. To ensure consistency with
UPC measurements, the calculations are modified to incorporate the softer photon flux ex-
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Figure1:SchematicdescriptionoftheinclusiveDmesonproductioninelectron-protoncol-
lisions(left)andinultraperipheralheavy-ioncollisions(right).Here:fi/pandfi/Adenotes
PDFintheprotonornucleus,Ffragmentationfunctionand�̂hardscatteringprocess.

toproduction.Inaddition,thepresenceofsoftelectromagneticinteractionsbetweenthetwo
collidingnucleicanleadtobreakupofthephoton-emittingnucleus,leadingtoareduction
therateofselectedXn0nevents.Toallowforadirectcomparisonwiththedata,adedicated
correctionwascomputedassumingthefactorizationofthesoft-electromagneticinteractions
andthehardscattering.

TheXn0nselectionfurtherrequiresatleastoneneutronintheoppositeZDC,whichpartially
suppressesdi↵ractiveproductioninthedata.Sincethenucleardi↵ractivecomponentisin-
cludedinthetheoreticalcalculationofinclusivecharmproduction,itisimportanttonote
thatthiscomponentispartiallyremovedinthemeasurement.Aroughestimatebasedon
nucleardi↵ractivepartondistributionsfromtheFrankfurt–Guzey–Strikmanmodel[40]sug-
geststhatthise↵ectamountstoabouta10%contributionintherelevantkinematicrange.
However,amoredetailedstudyofthedi↵ractivecomponentgoesbeyondthescopeofthe
presentanalysis.

Thepaperisorganizedasfollows:Section2describesthemainingredientsofthetheoretical
calculationofthephotoproductioncrosssectioninelectron–protoncollisionsanditsexten-
siontoultraperipheralheavy-ioncollisions(UPCs).InSection3,theresultingpredictions
forphotoproductioninelectron–protoncollisionsatHERAarepresentedandcomparedto
H1andZEUSmeasurements.Section4providestheG�A-FONLLpredictionsforD0pro-
ductioninUPCs,andthesepredictionsarethenconfrontedwithrecentCMSmeasurements
inSection5.Finally,ourconclusionsarepresentedinSection6,whereprospectsforfuture
theoreticalandexperimentale↵ortsarealsodiscussed.IntheAppendixweincludeadditional
plotswithcalculationsforUPCs.

2Generalized�AFONLLframeworkforphotonuclearcharm
production

TheresultspresentedinthispaperareobtainedwithinthenewG�A-FONLLframeworkfor
photonuclearcharmphotoproduction.Thisframeworkhasbeendevelopedtoprovideacom-
prehensivedescriptionofheavy-flavorhadronproductioninphoton–proton,photon–nucleus,
andultraperipheralheavy-ioncollisions.Inparticular,itcalculatesphotoproductioncross
sectionsusingstandardcollinearfactorizationtheoremsintermsofperturbativelycalcula-
blepartoniccrosssections,PDFs,andfragmentationfunctions.Toensureconsistencywith
UPCmeasurements,thecalculationsaremodifiedtoincorporatethesofterphotonfluxex-
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Figure 1: Schematic description of the inclusive D meson production in electron-proton col-
lisions (left) and in ultraperipheral heavy-ion collisions (right). Here: fi/p and fi/A denotes
PDF in the proton or nucleus, F fragmentation function and �̂ hard scattering process.

toproduction. In addition, the presence of soft electromagnetic interactions between the two
colliding nuclei can lead to breakup of the photon-emitting nucleus, leading to a reduction
the rate of selected Xn0n events. To allow for a direct comparison with the data, a dedicated
correction was computed assuming the factorization of the soft-electromagnetic interactions
and the hard scattering.

The Xn0n selection further requires at least one neutron in the opposite ZDC, which partially
suppresses di↵ractive production in the data. Since the nuclear di↵ractive component is in-
cluded in the theoretical calculation of inclusive charm production, it is important to note
that this component is partially removed in the measurement. A rough estimate based on
nuclear di↵ractive parton distributions from the Frankfurt–Guzey–Strikman model [40] sug-
gests that this e↵ect amounts to about a 10% contribution in the relevant kinematic range.
However, a more detailed study of the di↵ractive component goes beyond the scope of the
present analysis.

The paper is organized as follows: Section 2 describes the main ingredients of the theoretical
calculation of the photoproduction cross section in electron–proton collisions and its exten-
sion to ultraperipheral heavy-ion collisions (UPCs). In Section 3, the resulting predictions
for photoproduction in electron–proton collisions at HERA are presented and compared to
H1 and ZEUS measurements. Section 4 provides the G�A-FONLL predictions for D0 pro-
duction in UPCs, and these predictions are then confronted with recent CMS measurements
in Section 5. Finally, our conclusions are presented in Section 6, where prospects for future
theoretical and experimental e↵orts are also discussed. In the Appendix we include additional
plots with calculations for UPCs.

2 Generalized �A FONLL framework for photonuclear charm
production

The results presented in this paper are obtained within the new G�A-FONLL framework for
photonuclear charm photoproduction. This framework has been developed to provide a com-
prehensive description of heavy-flavor hadron production in photon–proton, photon–nucleus,
and ultraperipheral heavy-ion collisions. In particular, it calculates photoproduction cross
sections using standard collinear factorization theorems in terms of perturbatively calcula-
ble partonic cross sections, PDFs, and fragmentation functions. To ensure consistency with
UPC measurements, the calculations are modified to incorporate the softer photon flux ex-
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toproduction.Inaddition,thepresenceofsoftelectromagneticinteractionsbetweenthetwo
collidingnucleicanleadtobreakupofthephoton-emittingnucleus,leadingtoareduction
therateofselectedXn0nevents.Toallowforadirectcomparisonwiththedata,adedicated
correctionwascomputedassumingthefactorizationofthesoft-electromagneticinteractions
andthehardscattering.

TheXn0nselectionfurtherrequiresatleastoneneutronintheoppositeZDC,whichpartially
suppressesdi↵ractiveproductioninthedata.Sincethenucleardi↵ractivecomponentisin-
cludedinthetheoreticalcalculationofinclusivecharmproduction,itisimportanttonote
thatthiscomponentispartiallyremovedinthemeasurement.Aroughestimatebasedon
nucleardi↵ractivepartondistributionsfromtheFrankfurt–Guzey–Strikmanmodel[40]sug-
geststhatthise↵ectamountstoabouta10%contributionintherelevantkinematicrange.
However,amoredetailedstudyofthedi↵ractivecomponentgoesbeyondthescopeofthe
presentanalysis.

Thepaperisorganizedasfollows:Section2describesthemainingredientsofthetheoretical
calculationofthephotoproductioncrosssectioninelectron–protoncollisionsanditsexten-
siontoultraperipheralheavy-ioncollisions(UPCs).InSection3,theresultingpredictions
forphotoproductioninelectron–protoncollisionsatHERAarepresentedandcomparedto
H1andZEUSmeasurements.Section4providestheG�A-FONLLpredictionsforD0pro-
ductioninUPCs,andthesepredictionsarethenconfrontedwithrecentCMSmeasurements
inSection5.Finally,ourconclusionsarepresentedinSection6,whereprospectsforfuture
theoreticalandexperimentale↵ortsarealsodiscussed.IntheAppendixweincludeadditional
plotswithcalculationsforUPCs.

2Generalized�AFONLLframeworkforphotonuclearcharm
production

TheresultspresentedinthispaperareobtainedwithinthenewG�A-FONLLframeworkfor
photonuclearcharmphotoproduction.Thisframeworkhasbeendevelopedtoprovideacom-
prehensivedescriptionofheavy-flavorhadronproductioninphoton–proton,photon–nucleus,
andultraperipheralheavy-ioncollisions.Inparticular,itcalculatesphotoproductioncross
sectionsusingstandardcollinearfactorizationtheoremsintermsofperturbativelycalcula-
blepartoniccrosssections,PDFs,andfragmentationfunctions.Toensureconsistencywith
UPCmeasurements,thecalculationsaremodifiedtoincorporatethesofterphotonfluxex-
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Figure 1: Schematic description of the inclusive D meson production in electron-proton col-
lisions (left) and in ultraperipheral heavy-ion collisions (right). Here: fi/p and fi/A denotes
PDF in the proton or nucleus, F fragmentation function and �̂ hard scattering process.

toproduction. In addition, the presence of soft electromagnetic interactions between the two
colliding nuclei can lead to breakup of the photon-emitting nucleus, leading to a reduction
the rate of selected Xn0n events. To allow for a direct comparison with the data, a dedicated
correction was computed assuming the factorization of the soft-electromagnetic interactions
and the hard scattering.

The Xn0n selection further requires at least one neutron in the opposite ZDC, which partially
suppresses di↵ractive production in the data. Since the nuclear di↵ractive component is in-
cluded in the theoretical calculation of inclusive charm production, it is important to note
that this component is partially removed in the measurement. A rough estimate based on
nuclear di↵ractive parton distributions from the Frankfurt–Guzey–Strikman model [40] sug-
gests that this e↵ect amounts to about a 10% contribution in the relevant kinematic range.
However, a more detailed study of the di↵ractive component goes beyond the scope of the
present analysis.

The paper is organized as follows: Section 2 describes the main ingredients of the theoretical
calculation of the photoproduction cross section in electron–proton collisions and its exten-
sion to ultraperipheral heavy-ion collisions (UPCs). In Section 3, the resulting predictions
for photoproduction in electron–proton collisions at HERA are presented and compared to
H1 and ZEUS measurements. Section 4 provides the G�A-FONLL predictions for D0 pro-
duction in UPCs, and these predictions are then confronted with recent CMS measurements
in Section 5. Finally, our conclusions are presented in Section 6, where prospects for future
theoretical and experimental e↵orts are also discussed. In the Appendix we include additional
plots with calculations for UPCs.

2 Generalized �A FONLL framework for photonuclear charm
production

The results presented in this paper are obtained within the new G�A-FONLL framework for
photonuclear charm photoproduction. This framework has been developed to provide a com-
prehensive description of heavy-flavor hadron production in photon–proton, photon–nucleus,
and ultraperipheral heavy-ion collisions. In particular, it calculates photoproduction cross
sections using standard collinear factorization theorems in terms of perturbatively calcula-
ble partonic cross sections, PDFs, and fragmentation functions. To ensure consistency with
UPC measurements, the calculations are modified to incorporate the softer photon flux ex-
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collidingnucleicanleadtobreakupofthephoton-emittingnucleus,leadingtoareduction
therateofselectedXn0nevents.Toallowforadirectcomparisonwiththedata,adedicated
correctionwascomputedassumingthefactorizationofthesoft-electromagneticinteractions
andthehardscattering.

TheXn0nselectionfurtherrequiresatleastoneneutronintheoppositeZDC,whichpartially
suppressesdi↵ractiveproductioninthedata.Sincethenucleardi↵ractivecomponentisin-
cludedinthetheoreticalcalculationofinclusivecharmproduction,itisimportanttonote
thatthiscomponentispartiallyremovedinthemeasurement.Aroughestimatebasedon
nucleardi↵ractivepartondistributionsfromtheFrankfurt–Guzey–Strikmanmodel[40]sug-
geststhatthise↵ectamountstoabouta10%contributionintherelevantkinematicrange.
However,amoredetailedstudyofthedi↵ractivecomponentgoesbeyondthescopeofthe
presentanalysis.

Thepaperisorganizedasfollows:Section2describesthemainingredientsofthetheoretical
calculationofthephotoproductioncrosssectioninelectron–protoncollisionsanditsexten-
siontoultraperipheralheavy-ioncollisions(UPCs).InSection3,theresultingpredictions
forphotoproductioninelectron–protoncollisionsatHERAarepresentedandcomparedto
H1andZEUSmeasurements.Section4providestheG�A-FONLLpredictionsforD0pro-
ductioninUPCs,andthesepredictionsarethenconfrontedwithrecentCMSmeasurements
inSection5.Finally,ourconclusionsarepresentedinSection6,whereprospectsforfuture
theoreticalandexperimentale↵ortsarealsodiscussed.IntheAppendixweincludeadditional
plotswithcalculationsforUPCs.

2Generalized�AFONLLframeworkforphotonuclearcharm
production

TheresultspresentedinthispaperareobtainedwithinthenewG�A-FONLLframeworkfor
photonuclearcharmphotoproduction.Thisframeworkhasbeendevelopedtoprovideacom-
prehensivedescriptionofheavy-flavorhadronproductioninphoton–proton,photon–nucleus,
andultraperipheralheavy-ioncollisions.Inparticular,itcalculatesphotoproductioncross
sectionsusingstandardcollinearfactorizationtheoremsintermsofperturbativelycalcula-
blepartoniccrosssections,PDFs,andfragmentationfunctions.Toensureconsistencywith
UPCmeasurements,thecalculationsaremodifiedtoincorporatethesofterphotonfluxex-
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Figure 1: Schematic description of the inclusive D meson production in electron-proton col-
lisions (left) and in ultraperipheral heavy-ion collisions (right). Here: fi/p and fi/A denotes
PDF in the proton or nucleus, F fragmentation function and �̂ hard scattering process.

toproduction. In addition, the presence of soft electromagnetic interactions between the two
colliding nuclei can lead to breakup of the photon-emitting nucleus, leading to a reduction
the rate of selected Xn0n events. To allow for a direct comparison with the data, a dedicated
correction was computed assuming the factorization of the soft-electromagnetic interactions
and the hard scattering.

The Xn0n selection further requires at least one neutron in the opposite ZDC, which partially
suppresses di↵ractive production in the data. Since the nuclear di↵ractive component is in-
cluded in the theoretical calculation of inclusive charm production, it is important to note
that this component is partially removed in the measurement. A rough estimate based on
nuclear di↵ractive parton distributions from the Frankfurt–Guzey–Strikman model [40] sug-
gests that this e↵ect amounts to about a 10% contribution in the relevant kinematic range.
However, a more detailed study of the di↵ractive component goes beyond the scope of the
present analysis.

The paper is organized as follows: Section 2 describes the main ingredients of the theoretical
calculation of the photoproduction cross section in electron–proton collisions and its exten-
sion to ultraperipheral heavy-ion collisions (UPCs). In Section 3, the resulting predictions
for photoproduction in electron–proton collisions at HERA are presented and compared to
H1 and ZEUS measurements. Section 4 provides the G�A-FONLL predictions for D0 pro-
duction in UPCs, and these predictions are then confronted with recent CMS measurements
in Section 5. Finally, our conclusions are presented in Section 6, where prospects for future
theoretical and experimental e↵orts are also discussed. In the Appendix we include additional
plots with calculations for UPCs.

2 Generalized �A FONLL framework for photonuclear charm
production

The results presented in this paper are obtained within the new G�A-FONLL framework for
photonuclear charm photoproduction. This framework has been developed to provide a com-
prehensive description of heavy-flavor hadron production in photon–proton, photon–nucleus,
and ultraperipheral heavy-ion collisions. In particular, it calculates photoproduction cross
sections using standard collinear factorization theorems in terms of perturbatively calcula-
ble partonic cross sections, PDFs, and fragmentation functions. To ensure consistency with
UPC measurements, the calculations are modified to incorporate the softer photon flux ex-
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inSection5.Finally,ourconclusionsarepresentedinSection6,whereprospectsforfuture
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Figure 1: Schematic description of the inclusive D meson production in electron-proton col-
lisions (left) and in ultraperipheral heavy-ion collisions (right). Here: fi/p and fi/A denotes
PDF in the proton or nucleus, F fragmentation function and �̂ hard scattering process.

toproduction. In addition, the presence of soft electromagnetic interactions between the two
colliding nuclei can lead to breakup of the photon-emitting nucleus, leading to a reduction
the rate of selected Xn0n events. To allow for a direct comparison with the data, a dedicated
correction was computed assuming the factorization of the soft-electromagnetic interactions
and the hard scattering.

The Xn0n selection further requires at least one neutron in the opposite ZDC, which partially
suppresses di↵ractive production in the data. Since the nuclear di↵ractive component is in-
cluded in the theoretical calculation of inclusive charm production, it is important to note
that this component is partially removed in the measurement. A rough estimate based on
nuclear di↵ractive parton distributions from the Frankfurt–Guzey–Strikman model [40] sug-
gests that this e↵ect amounts to about a 10% contribution in the relevant kinematic range.
However, a more detailed study of the di↵ractive component goes beyond the scope of the
present analysis.

The paper is organized as follows: Section 2 describes the main ingredients of the theoretical
calculation of the photoproduction cross section in electron–proton collisions and its exten-
sion to ultraperipheral heavy-ion collisions (UPCs). In Section 3, the resulting predictions
for photoproduction in electron–proton collisions at HERA are presented and compared to
H1 and ZEUS measurements. Section 4 provides the G�A-FONLL predictions for D0 pro-
duction in UPCs, and these predictions are then confronted with recent CMS measurements
in Section 5. Finally, our conclusions are presented in Section 6, where prospects for future
theoretical and experimental e↵orts are also discussed. In the Appendix we include additional
plots with calculations for UPCs.

2 Generalized �A FONLL framework for photonuclear charm
production

The results presented in this paper are obtained within the new G�A-FONLL framework for
photonuclear charm photoproduction. This framework has been developed to provide a com-
prehensive description of heavy-flavor hadron production in photon–proton, photon–nucleus,
and ultraperipheral heavy-ion collisions. In particular, it calculates photoproduction cross
sections using standard collinear factorization theorems in terms of perturbatively calcula-
ble partonic cross sections, PDFs, and fragmentation functions. To ensure consistency with
UPC measurements, the calculations are modified to incorporate the softer photon flux ex-
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H1andZEUSmeasurements.Section4providestheG�A-FONLLpredictionsforD0pro-
ductioninUPCs,andthesepredictionsarethenconfrontedwithrecentCMSmeasurements
inSection5.Finally,ourconclusionsarepresentedinSection6,whereprospectsforfuture
theoreticalandexperimentale↵ortsarealsodiscussed.IntheAppendixweincludeadditional
plotswithcalculationsforUPCs.
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production

TheresultspresentedinthispaperareobtainedwithinthenewG�A-FONLLframeworkfor
photonuclearcharmphotoproduction.Thisframeworkhasbeendevelopedtoprovideacom-
prehensivedescriptionofheavy-flavorhadronproductioninphoton–proton,photon–nucleus,
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Figure 1: Schematic description of the inclusive D meson production in electron-proton col-
lisions (left) and in ultraperipheral heavy-ion collisions (right). Here: fi/p and fi/A denotes
PDF in the proton or nucleus, F fragmentation function and �̂ hard scattering process.

toproduction. In addition, the presence of soft electromagnetic interactions between the two
colliding nuclei can lead to breakup of the photon-emitting nucleus, leading to a reduction
the rate of selected Xn0n events. To allow for a direct comparison with the data, a dedicated
correction was computed assuming the factorization of the soft-electromagnetic interactions
and the hard scattering.

The Xn0n selection further requires at least one neutron in the opposite ZDC, which partially
suppresses di↵ractive production in the data. Since the nuclear di↵ractive component is in-
cluded in the theoretical calculation of inclusive charm production, it is important to note
that this component is partially removed in the measurement. A rough estimate based on
nuclear di↵ractive parton distributions from the Frankfurt–Guzey–Strikman model [40] sug-
gests that this e↵ect amounts to about a 10% contribution in the relevant kinematic range.
However, a more detailed study of the di↵ractive component goes beyond the scope of the
present analysis.

The paper is organized as follows: Section 2 describes the main ingredients of the theoretical
calculation of the photoproduction cross section in electron–proton collisions and its exten-
sion to ultraperipheral heavy-ion collisions (UPCs). In Section 3, the resulting predictions
for photoproduction in electron–proton collisions at HERA are presented and compared to
H1 and ZEUS measurements. Section 4 provides the G�A-FONLL predictions for D0 pro-
duction in UPCs, and these predictions are then confronted with recent CMS measurements
in Section 5. Finally, our conclusions are presented in Section 6, where prospects for future
theoretical and experimental e↵orts are also discussed. In the Appendix we include additional
plots with calculations for UPCs.
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production
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photonuclear charm photoproduction. This framework has been developed to provide a com-
prehensive description of heavy-flavor hadron production in photon–proton, photon–nucleus,
and ultraperipheral heavy-ion collisions. In particular, it calculates photoproduction cross
sections using standard collinear factorization theorems in terms of perturbatively calcula-
ble partonic cross sections, PDFs, and fragmentation functions. To ensure consistency with
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Figure 1: Schematic description of the inclusive D meson production in electron-proton col-
lisions (left) and in ultraperipheral heavy-ion collisions (right). Here: fi/p and fi/A denotes
PDF in the proton or nucleus, F fragmentation function and �̂ hard scattering process.

toproduction. In addition, the presence of soft electromagnetic interactions between the two
colliding nuclei can lead to breakup of the photon-emitting nucleus, leading to a reduction
the rate of selected Xn0n events. To allow for a direct comparison with the data, a dedicated
correction was computed assuming the factorization of the soft-electromagnetic interactions
and the hard scattering.

The Xn0n selection further requires at least one neutron in the opposite ZDC, which partially
suppresses di↵ractive production in the data. Since the nuclear di↵ractive component is in-
cluded in the theoretical calculation of inclusive charm production, it is important to note
that this component is partially removed in the measurement. A rough estimate based on
nuclear di↵ractive parton distributions from the Frankfurt–Guzey–Strikman model [40] sug-
gests that this e↵ect amounts to about a 10% contribution in the relevant kinematic range.
However, a more detailed study of the di↵ractive component goes beyond the scope of the
present analysis.

The paper is organized as follows: Section 2 describes the main ingredients of the theoretical
calculation of the photoproduction cross section in electron–proton collisions and its exten-
sion to ultraperipheral heavy-ion collisions (UPCs). In Section 3, the resulting predictions
for photoproduction in electron–proton collisions at HERA are presented and compared to
H1 and ZEUS measurements. Section 4 provides the G�A-FONLL predictions for D0 pro-
duction in UPCs, and these predictions are then confronted with recent CMS measurements
in Section 5. Finally, our conclusions are presented in Section 6, where prospects for future
theoretical and experimental e↵orts are also discussed. In the Appendix we include additional
plots with calculations for UPCs.
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production

The results presented in this paper are obtained within the new G�A-FONLL framework for
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prehensive description of heavy-flavor hadron production in photon–proton, photon–nucleus,
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Figure 2: Cross sections for D0 production in gN events (Xn0n + 0nXn) in three pT intervals.
Vertical bars (brackets) indicate statistical (systematic) uncertainties. Sub-panels show theory-
over-data ratios: the middle panel compares GgA-FONLL with EPPS21 lead nPDFs and a CGC
calculation [15], while the bottom panel shows GgA-FONLL with CT18NLO proton PDFs.
Light-shaded bands reflect scale variations, hatched bands represent PDF and nPDF uncer-
tainties. Vertical bars (brackets) represent statistical (systematic) uncertainties on data.

calculations of charm quark production incorporating nonlinear QCD evolution.

To summarize, this Letter presented the first measurement of the inclusive, prompt and non-
prompt, photonuclear D0 meson cross section as a function of transverse momentum and ra-
pidity in ultraperipheral heavy-ion collisions. Exploiting the clean environment of photonu-
clear interactions, where final state and hadronization effects are largely reduced compared
to hadronic production, this measurement provides novel constraints on nuclear matter over
a wide range of parton momentum fraction x and interaction energy scale Q

2. Comparisons
with theory provide discrimination among parton distribution function parametrizations and
challenge calculations based on nonlinear quantum chromodynamics evolution at high Q

2. By
demonstrating both its experimental feasibility and theoretical relevance, this study establishes
open heavy-flavor production in ultraperipheral LHC collisions as a powerful probe of parton
dynamics in nuclei.
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Figure 1. Diagram of leptoproduction on a nucleus through virtual photon exchange.
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Figure 2. Schematic behaviour of RA
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(x, Q2) as a function of x for a given fixed Q2.

data exist):

l(k) + A(Ap) −→ l(k′) + X(Ap′),

q = k − k′, W 2 = (q + p)2, x = −q2

2p · q
= −q2

W 2 − q2 − m2
nucleon

,
(2)

see figure 1. The variable x has the meaning of the momentum fraction of the nucleon in the
nucleus carried by the parton with which the photon has interacted. Q2 = −q2 > 0 represents
the squared inverse resolution of the photon as a probe of the nuclear content. And W 2

is the centre-of-mass-system energy of the virtual photon–nucleon collision (lepton masses
have been neglected and mnucleon is the nucleon mass), see e.g. [3] for full explanations.
The nucleon structure function is usually defined through measurements on deuterium,
F nucleon

2 = F deuterium
2

/
2, assuming nuclear effects in deuterium to be negligible.

The behaviour of RA
F2

(x,Q2) as a function of x for a given fixed Q2 is shown schematically
in figure 2. It can be divided into four regions2:

• RA
F2

> 1 for x ! 0.8: the Fermi motion region.

• RA
F2

< 1 for 0.25–0.3 " x " 0.8: the EMC region (EMC stands for European Muon
Collaboration).

• RA
F2

> 1 for 0.1 " x " 0.25–0.3: the antishadowing region.

• RA
F2

< 1 for x " 0.1: the shadowing region.

2 Note that the deviation of the nuclear F2-ratios from one in all four regions of x is sometimes referred to as the
EMC effect. I use this notation only for the depletion observed for 0.25–0.3 ! x ! 0.8.

IN
ST

IT
U

T
E

O
F

PH
Y

SI
C

S
PU

B
L

IS
H

IN
G

JO
U

R
N

A
L

O
F

PH
Y

SI
C

S
G

:N
U

C
L

E
A

R
A

N
D

PA
R

T
IC

L
E

PH
Y

SI
C

S

J.
Ph

ys
.G

:N
uc

l.
Pa

rt
.P

hy
s.

32
(2

00
6)

R
36

7–
R

39
3

do
i:1

0.
10

88
/0

95
4-

38
99

/3
2/

11
/R

01

T
O

P
IC

A
L

R
E

V
IE

W

N
uc

le
ar

sh
ad

ow
in

g

N
és

to
r

A
rm

es
to

D
ep

ar
ta

m
en

to
de

Fı́
si

ca
de

Pa
rt

ı́c
ul

as
an

d
IG

FA
E

,U
ni

ve
rs

id
ad

e
de

Sa
nt

ia
go

de
C

om
po

st
el

a,
15

78
2

Sa
nt

ia
go

de
C

om
po

st
el

a,
Sp

ai
n

E
-m

ai
l:

ne
st

or
@

fp
ax

p1
.u

sc
.e

s

R
ec

ei
ve

d
27

A
pr

il
20

06
Pu

bl
is

he
d 

1 
Se

pt
em

be
r 2

00
6

O
nl

in
e

at
st

ac
ks

.io
p.

or
g/

JP
hy

sG
/3

2/
R

36
7

A
bs

tr
ac

t
T

he
ph

en
om

en
on

of
sh

ad
ow

in
g

of
nu

cl
ea

r
st

ru
ct

ur
e

fu
nc

tio
ns

at
sm

al
l

va
lu

es
of

B
jo

rk
en

-x
is

an
al

ys
ed

.
Fi

rs
t,

m
ul

tip
le

sc
at

te
ri

ng
is

di
sc

us
se

d
as

th
e

un
de

rl
yi

ng
ph

ys
ic

al
m

ec
ha

ni
sm

.
In

th
is

co
nt

ex
t

th
re

e
di

ff
er

en
t

bu
t

re
la

te
d

ap
pr

oa
ch

es
ar

e
pr

es
en

te
d:

G
la

ub
er

-l
ik

e
re

sc
at

te
ri

ng
s,

G
ri

bo
v

in
el

as
tic

sh
ad

ow
in

g
an

d
id

ea
s

ba
se

d
on

hi
gh

-d
en

si
ty

qu
an

tu
m

ch
ro

m
od

yn
am

ic
s.

N
ex

t,
di

ff
er

en
tp

ar
am

et
ri

za
tio

ns
of

nu
cl

ea
rp

ar
to

ni
c

di
st

ri
bu

tio
ns

ba
se

d
on

fit
an

al
ys

is
to

ex
is

tin
g

da
ta

co
m

bi
ne

d
w

ith
D

ok
sh

itz
er

–G
ri

bo
v–

L
ip

at
ov

–A
lta

re
lli

–P
ar

is
i

ev
ol

ut
io

n
ar

e
re

vi
ew

ed
.

Fi
na

lly
,

a
co

m
pa

ri
so

n
of

th
e

di
ff

er
en

t
ap

pr
oa

ch
es

is
sh

ow
n,

an
d

a
fe

w
ph

en
om

en
ol

og
ic

al
co

ns
eq

ue
nc

es
of

nu
cl

ea
r

sh
ad

ow
in

g
in

hi
gh

-e
ne

rg
y

nu
cl

ea
rc

ol
lis

io
ns

ar
e

pr
es

en
te

d.

(S
om

e
fig

ur
es

in
th

is
ar

tic
le

ar
e

in
co

lo
ur

on
ly

in
th

e
el

ec
tr

on
ic

ve
rs

io
n)

1.
In

tr
od

uc
ti

on

T
he

fa
ct

th
at

nu
cl

ea
r

st
ru

ct
ur

e
fu

nc
tio

ns
in

nu
cl

ei
ar

e
di

ff
er

en
t

fr
om

th
e

su
pe

rp
os

iti
on

of
th

os
e

of
th

ei
r

co
ns

tit
ue

nt
s

nu
cl

eo
ns

is
a

w
el

l-
kn

ow
n

ph
en

om
en

on
si

nc
e

th
e

ea
rl

y
19

70
s,

se
e

re
fe

re
nc

es
in

th
e

re
vi

ew
s

[1
,2

].
Fo

re
xa

m
pl

e,
fo

rF
2

th
e

nu
cl

ea
rr

at
io

is
de

fin
ed

as
th

e
nu

cl
ea

r
st

ru
ct

ur
e

fu
nc

tio
n

pe
rn

uc
le

on
di

vi
de

d
by

th
e

nu
cl

eo
n

st
ru

ct
ur

e
fu

nc
tio

n:

R
A F

2
(x

,
Q

2 )
=

F
A 2
(x

,
Q

2 )

A
F

nu
cl

eo
n

2
(x

,
Q

2 )
.

(1
)

H
er

e1 ,A
is

th
e

nu
cl

ea
rm

as
s

nu
m

be
r(

nu
m

be
ro

fn
uc

le
on

s
in

th
e

nu
cl

eu
s)

.
T

he
va

ri
ab

le
s

x
an

d
Q

2
ar

e
de

fin
ed

as
us

ua
lly

in
le

pt
op

ro
du

ct
io

n
or

de
ep

in
el

as
tic

sc
at

te
ri

ng
(D

IS
)

ex
pe

ri
m

en
ts

:
in

th
e

sc
at

te
ri

ng
of

a
le

pt
on

w
ith

4-
m

om
en

tu
m

k
on

a
nu

cl
eu

s
w

ith
4-

m
om

en
tu

m
A

p

m
ed

ia
te

d
by

ph
ot

on
ex

ch
an

ge
(t

he
do

m
in

an
tp

ro
ce

ss
at

Q
2

≪
m

2 Z
0
,
m

2 W
w

he
re

m
os

tn
uc

le
ar

1
So

m
et

im
es

th
e

ra
tio

of
nu

cl
ea

rr
at

io
s

is
us

ed
,e

.g
.,

R
(A

/B
)
=

R
A F

2
/R

B F
2
.

09
54

-3
89

9/
06

/1
10

36
7+

27
$3

0.
00

©
20

06
IO

P
Pu

bl
is

hi
ng

L
td

Pr
in

te
d

in
th

e
U

K
R

36
7



Inclusive jet photoproduction: kinematic coverage

• hard scale of the interaction:

•Bjorken-x variable:
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Experimental signature

24

Photo-nuclear processes

•Two processes: 
– Left: “direct” - photon enters hard scattering 
– Right: “resolved” - photon virtually splits into 

partons/hadron, which scatters 
•Use Zero Degree Calorimeters (ZDCs) to select 
Pb+Pb 0nXn events 

•+gap requirements to select photo-production 3
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Experimental signature: activity in detector

events to satisfy a 0nXn requirement, which is imposed by
requiring the energy in one of the ZDCs—the “0n”
direction—to be less than 1 TeV, while the energy in the
other—the “Xn” direction—is greater than 1 TeV. The
photon is assumed to be traveling in the 0n direction and
the struck nucleus in the Xn direction. The distribution of
ZDC energies on the struck-nucleus side is shown in Fig. 3
for events that satisfy the trigger requirements and all the
event selections described in Sec. IV D except the ZDC
energy requirement on the Xn side. It is observed that the
single-neutron peak has a tail to small energies resulting
from showers that start deep in the calorimeter and are not
fully contained. The fraction of valid Xn events that would
fall below the Xn energy threshold, indicated in the figure
with the dashed line, is estimated to be ≲0.1%.
Another characteristic signature of photoproduction

events is that they have large gaps in the rapidities of
produced particles. This feature allows them to be separated
from hadronic backgrounds. These rapidity gaps are
determined using a combination of reconstructed tracks
and clusters, both of which are required to have
pT > 200 MeV. Rapidity-dependent requirements are
imposed on the significance of cluster energies relative
to noise levels to suppress contributions from electronic
noise [61]. So-called edge gaps,Δ andΔ A are defined as
the interval between the edge of the detector ( ¼ "4.9)
and the nearest track or cluster in the photon-going and
nuclear-going directions, respectively.
To prevent the rejection of resolved photon processes, a

second gap definition is constructed by summing all
intervals, Δ , between -adjacent tracks or clusters with
Δ > 0.5. This sum includes all intervals from the most
forward jet in the photon-going direction to the photon-
going edge of the detector at ¼ 4.9, and the resulting

quantity is denoted
P

Δ . A separate sum of all intervals
satisfying Δ > 0.5, regardless of orientation with respect
to the jets, is denoted as

P
Δ and is used to reject

backgrounds. Figure 4 illustrates how the various rapidity
gap quantities are calculated.

B. Jet performance

The jet reconstruction capabilities are evaluated in the
PYTHIA8 þ A → jets MC sample by matching truth jets to
the nearest reconstructed jet within ΔR < 0.3. Response
distributions, preco

T =ptrue
T , are built in intervals of ptrue

T and
truth. Each distribution is fit to a Gaussian function whose
mean and standard deviation are referred to as the jet energy
scale (JES) and jet energy resolution (JER), respectively.
The JES and JER are shown in Fig. 5 as functions of ptrue

T
for different intervals of j truthj. The mean response is
generally within a half percent of unity over most of the
ptrue
T and truth range, which keeps the required unfolding

corrections small.
The variation of the resolution with pjet

T and j jetj is
consistent with what is observed in other ATLAS studies of
jet response in pp collisions [60]. In this analysis, the
resolution at the lowest pT values is substantially smaller
than in previous studies. This is because the pile-up, which
is the dominant contribution in typical LHC pp analyses, is
negligible in the Pbþ Pb UPC dataset. The combined
impact of deviations from unity in the JES and the overall
effect of JER are corrected in the unfolding procedure.
Possible differences in these jet calibrations between data
and MC are included as sources of systematic uncertainty.

1 10
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FIG. 3. Distribution of energies measured in the ATLAS ZDCs
expressed in terms of the ratio of the measured energy to the beam
energy, Ebeam ¼ 2510 GeV. The energies are measured in the
calorimeter opposite the 0n side in events satisfying all photo-
nuclear dijet event selections except the Xn energy requirement
which selects events to the right of the dotted line.

FIG. 4. Diagram illustrating how the various rapidity gap
quantities are computed in a typical event with photonuclear
jet production. Tracks and clusters are indicated by black points
while the jets are shown with blue circles. The lack of neutrons in
the positive direction defines that as the photon-going direction.
The Δ and Δ A are indicated by the green and red solid shaded
areas, respectively. The regions contributing to the

P
Δ are

shown with the hatched green shading, with the solid gray shaded
region indicating a Δ that is smaller than 0.5 and excluded from
the

P
Δ calculation. All hatched regions contribute to

P
Δ .
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Experimental signature: activity in detector

events to satisfy a 0nXn requirement, which is imposed by
requiring the energy in one of the ZDCs—the “0n”
direction—to be less than 1 TeV, while the energy in the
other—the “Xn” direction—is greater than 1 TeV. The
photon is assumed to be traveling in the 0n direction and
the struck nucleus in the Xn direction. The distribution of
ZDC energies on the struck-nucleus side is shown in Fig. 3
for events that satisfy the trigger requirements and all the
event selections described in Sec. IV D except the ZDC
energy requirement on the Xn side. It is observed that the
single-neutron peak has a tail to small energies resulting
from showers that start deep in the calorimeter and are not
fully contained. The fraction of valid Xn events that would
fall below the Xn energy threshold, indicated in the figure
with the dashed line, is estimated to be ≲0.1%.
Another characteristic signature of photoproduction

events is that they have large gaps in the rapidities of
produced particles. This feature allows them to be separated
from hadronic backgrounds. These rapidity gaps are
determined using a combination of reconstructed tracks
and clusters, both of which are required to have
pT > 200 MeV. Rapidity-dependent requirements are
imposed on the significance of cluster energies relative
to noise levels to suppress contributions from electronic
noise [61]. So-called edge gaps,Δ andΔ A are defined as
the interval between the edge of the detector ( ¼ "4.9)
and the nearest track or cluster in the photon-going and
nuclear-going directions, respectively.
To prevent the rejection of resolved photon processes, a

second gap definition is constructed by summing all
intervals, Δ , between -adjacent tracks or clusters with
Δ > 0.5. This sum includes all intervals from the most
forward jet in the photon-going direction to the photon-
going edge of the detector at ¼ 4.9, and the resulting

quantity is denoted
P

Δ . A separate sum of all intervals
satisfying Δ > 0.5, regardless of orientation with respect
to the jets, is denoted as

P
Δ and is used to reject

backgrounds. Figure 4 illustrates how the various rapidity
gap quantities are calculated.

B. Jet performance

The jet reconstruction capabilities are evaluated in the
PYTHIA8 þ A → jets MC sample by matching truth jets to
the nearest reconstructed jet within ΔR < 0.3. Response
distributions, preco

T =ptrue
T , are built in intervals of ptrue

T and
truth. Each distribution is fit to a Gaussian function whose
mean and standard deviation are referred to as the jet energy
scale (JES) and jet energy resolution (JER), respectively.
The JES and JER are shown in Fig. 5 as functions of ptrue

T
for different intervals of j truthj. The mean response is
generally within a half percent of unity over most of the
ptrue
T and truth range, which keeps the required unfolding

corrections small.
The variation of the resolution with pjet

T and j jetj is
consistent with what is observed in other ATLAS studies of
jet response in pp collisions [60]. In this analysis, the
resolution at the lowest pT values is substantially smaller
than in previous studies. This is because the pile-up, which
is the dominant contribution in typical LHC pp analyses, is
negligible in the Pbþ Pb UPC dataset. The combined
impact of deviations from unity in the JES and the overall
effect of JER are corrected in the unfolding procedure.
Possible differences in these jet calibrations between data
and MC are included as sources of systematic uncertainty.
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FIG. 3. Distribution of energies measured in the ATLAS ZDCs
expressed in terms of the ratio of the measured energy to the beam
energy, Ebeam ¼ 2510 GeV. The energies are measured in the
calorimeter opposite the 0n side in events satisfying all photo-
nuclear dijet event selections except the Xn energy requirement
which selects events to the right of the dotted line.

FIG. 4. Diagram illustrating how the various rapidity gap
quantities are computed in a typical event with photonuclear
jet production. Tracks and clusters are indicated by black points
while the jets are shown with blue circles. The lack of neutrons in
the positive direction defines that as the photon-going direction.
The Δ and Δ A are indicated by the green and red solid shaded
areas, respectively. The regions contributing to the

P
Δ are

shown with the hatched green shading, with the solid gray shaded
region indicating a Δ that is smaller than 0.5 and excluded from
the

P
Δ calculation. All hatched regions contribute to

P
Δ .
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Experimental signature: activity in detector

events to satisfy a 0nXn requirement, which is imposed by
requiring the energy in one of the ZDCs—the “0n”
direction—to be less than 1 TeV, while the energy in the
other—the “Xn” direction—is greater than 1 TeV. The
photon is assumed to be traveling in the 0n direction and
the struck nucleus in the Xn direction. The distribution of
ZDC energies on the struck-nucleus side is shown in Fig. 3
for events that satisfy the trigger requirements and all the
event selections described in Sec. IV D except the ZDC
energy requirement on the Xn side. It is observed that the
single-neutron peak has a tail to small energies resulting
from showers that start deep in the calorimeter and are not
fully contained. The fraction of valid Xn events that would
fall below the Xn energy threshold, indicated in the figure
with the dashed line, is estimated to be ≲0.1%.
Another characteristic signature of photoproduction

events is that they have large gaps in the rapidities of
produced particles. This feature allows them to be separated
from hadronic backgrounds. These rapidity gaps are
determined using a combination of reconstructed tracks
and clusters, both of which are required to have
pT > 200 MeV. Rapidity-dependent requirements are
imposed on the significance of cluster energies relative
to noise levels to suppress contributions from electronic
noise [61]. So-called edge gaps,Δ andΔ A are defined as
the interval between the edge of the detector ( ¼ "4.9)
and the nearest track or cluster in the photon-going and
nuclear-going directions, respectively.
To prevent the rejection of resolved photon processes, a

second gap definition is constructed by summing all
intervals, Δ , between -adjacent tracks or clusters with
Δ > 0.5. This sum includes all intervals from the most
forward jet in the photon-going direction to the photon-
going edge of the detector at ¼ 4.9, and the resulting

quantity is denoted
P

Δ . A separate sum of all intervals
satisfying Δ > 0.5, regardless of orientation with respect
to the jets, is denoted as

P
Δ and is used to reject

backgrounds. Figure 4 illustrates how the various rapidity
gap quantities are calculated.

B. Jet performance

The jet reconstruction capabilities are evaluated in the
PYTHIA8 þ A → jets MC sample by matching truth jets to
the nearest reconstructed jet within ΔR < 0.3. Response
distributions, preco

T =ptrue
T , are built in intervals of ptrue

T and
truth. Each distribution is fit to a Gaussian function whose
mean and standard deviation are referred to as the jet energy
scale (JES) and jet energy resolution (JER), respectively.
The JES and JER are shown in Fig. 5 as functions of ptrue

T
for different intervals of j truthj. The mean response is
generally within a half percent of unity over most of the
ptrue
T and truth range, which keeps the required unfolding

corrections small.
The variation of the resolution with pjet

T and j jetj is
consistent with what is observed in other ATLAS studies of
jet response in pp collisions [60]. In this analysis, the
resolution at the lowest pT values is substantially smaller
than in previous studies. This is because the pile-up, which
is the dominant contribution in typical LHC pp analyses, is
negligible in the Pbþ Pb UPC dataset. The combined
impact of deviations from unity in the JES and the overall
effect of JER are corrected in the unfolding procedure.
Possible differences in these jet calibrations between data
and MC are included as sources of systematic uncertainty.
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FIG. 3. Distribution of energies measured in the ATLAS ZDCs
expressed in terms of the ratio of the measured energy to the beam
energy, Ebeam ¼ 2510 GeV. The energies are measured in the
calorimeter opposite the 0n side in events satisfying all photo-
nuclear dijet event selections except the Xn energy requirement
which selects events to the right of the dotted line.

FIG. 4. Diagram illustrating how the various rapidity gap
quantities are computed in a typical event with photonuclear
jet production. Tracks and clusters are indicated by black points
while the jets are shown with blue circles. The lack of neutrons in
the positive direction defines that as the photon-going direction.
The Δ and Δ A are indicated by the green and red solid shaded
areas, respectively. The regions contributing to the

P
Δ are

shown with the hatched green shading, with the solid gray shaded
region indicating a Δ that is smaller than 0.5 and excluded from
the

P
Δ calculation. All hatched regions contribute to

P
Δ .

G. AAD et al. PHYS. REV. D 111, 052006 (2025)

052006-6

Δη > 0.5}

rapidity gap∑ Δη > 2.5
γ

25

allow for direct & resolved 

photon contributions



Experimental signature: activity in detector

events to satisfy a 0nXn requirement, which is imposed by
requiring the energy in one of the ZDCs—the “0n”
direction—to be less than 1 TeV, while the energy in the
other—the “Xn” direction—is greater than 1 TeV. The
photon is assumed to be traveling in the 0n direction and
the struck nucleus in the Xn direction. The distribution of
ZDC energies on the struck-nucleus side is shown in Fig. 3
for events that satisfy the trigger requirements and all the
event selections described in Sec. IV D except the ZDC
energy requirement on the Xn side. It is observed that the
single-neutron peak has a tail to small energies resulting
from showers that start deep in the calorimeter and are not
fully contained. The fraction of valid Xn events that would
fall below the Xn energy threshold, indicated in the figure
with the dashed line, is estimated to be ≲0.1%.
Another characteristic signature of photoproduction

events is that they have large gaps in the rapidities of
produced particles. This feature allows them to be separated
from hadronic backgrounds. These rapidity gaps are
determined using a combination of reconstructed tracks
and clusters, both of which are required to have
pT > 200 MeV. Rapidity-dependent requirements are
imposed on the significance of cluster energies relative
to noise levels to suppress contributions from electronic
noise [61]. So-called edge gaps,Δ andΔ A are defined as
the interval between the edge of the detector ( ¼ "4.9)
and the nearest track or cluster in the photon-going and
nuclear-going directions, respectively.
To prevent the rejection of resolved photon processes, a

second gap definition is constructed by summing all
intervals, Δ , between -adjacent tracks or clusters with
Δ > 0.5. This sum includes all intervals from the most
forward jet in the photon-going direction to the photon-
going edge of the detector at ¼ 4.9, and the resulting

quantity is denoted
P

Δ . A separate sum of all intervals
satisfying Δ > 0.5, regardless of orientation with respect
to the jets, is denoted as

P
Δ and is used to reject

backgrounds. Figure 4 illustrates how the various rapidity
gap quantities are calculated.

B. Jet performance

The jet reconstruction capabilities are evaluated in the
PYTHIA8 þ A → jets MC sample by matching truth jets to
the nearest reconstructed jet within ΔR < 0.3. Response
distributions, preco

T =ptrue
T , are built in intervals of ptrue

T and
truth. Each distribution is fit to a Gaussian function whose
mean and standard deviation are referred to as the jet energy
scale (JES) and jet energy resolution (JER), respectively.
The JES and JER are shown in Fig. 5 as functions of ptrue

T
for different intervals of j truthj. The mean response is
generally within a half percent of unity over most of the
ptrue
T and truth range, which keeps the required unfolding

corrections small.
The variation of the resolution with pjet

T and j jetj is
consistent with what is observed in other ATLAS studies of
jet response in pp collisions [60]. In this analysis, the
resolution at the lowest pT values is substantially smaller
than in previous studies. This is because the pile-up, which
is the dominant contribution in typical LHC pp analyses, is
negligible in the Pbþ Pb UPC dataset. The combined
impact of deviations from unity in the JES and the overall
effect of JER are corrected in the unfolding procedure.
Possible differences in these jet calibrations between data
and MC are included as sources of systematic uncertainty.
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FIG. 3. Distribution of energies measured in the ATLAS ZDCs
expressed in terms of the ratio of the measured energy to the beam
energy, Ebeam ¼ 2510 GeV. The energies are measured in the
calorimeter opposite the 0n side in events satisfying all photo-
nuclear dijet event selections except the Xn energy requirement
which selects events to the right of the dotted line.

FIG. 4. Diagram illustrating how the various rapidity gap
quantities are computed in a typical event with photonuclear
jet production. Tracks and clusters are indicated by black points
while the jets are shown with blue circles. The lack of neutrons in
the positive direction defines that as the photon-going direction.
The Δ and Δ A are indicated by the green and red solid shaded
areas, respectively. The regions contributing to the

P
Δ are

shown with the hatched green shading, with the solid gray shaded
region indicating a Δ that is smaller than 0.5 and excluded from
the

P
Δ calculation. All hatched regions contribute to

P
Δ .
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Experimental signature: activity in detector

events to satisfy a 0nXn requirement, which is imposed by
requiring the energy in one of the ZDCs—the “0n”
direction—to be less than 1 TeV, while the energy in the
other—the “Xn” direction—is greater than 1 TeV. The
photon is assumed to be traveling in the 0n direction and
the struck nucleus in the Xn direction. The distribution of
ZDC energies on the struck-nucleus side is shown in Fig. 3
for events that satisfy the trigger requirements and all the
event selections described in Sec. IV D except the ZDC
energy requirement on the Xn side. It is observed that the
single-neutron peak has a tail to small energies resulting
from showers that start deep in the calorimeter and are not
fully contained. The fraction of valid Xn events that would
fall below the Xn energy threshold, indicated in the figure
with the dashed line, is estimated to be ≲0.1%.
Another characteristic signature of photoproduction

events is that they have large gaps in the rapidities of
produced particles. This feature allows them to be separated
from hadronic backgrounds. These rapidity gaps are
determined using a combination of reconstructed tracks
and clusters, both of which are required to have
pT > 200 MeV. Rapidity-dependent requirements are
imposed on the significance of cluster energies relative
to noise levels to suppress contributions from electronic
noise [61]. So-called edge gaps,Δ andΔ A are defined as
the interval between the edge of the detector ( ¼ "4.9)
and the nearest track or cluster in the photon-going and
nuclear-going directions, respectively.
To prevent the rejection of resolved photon processes, a

second gap definition is constructed by summing all
intervals, Δ , between -adjacent tracks or clusters with
Δ > 0.5. This sum includes all intervals from the most
forward jet in the photon-going direction to the photon-
going edge of the detector at ¼ 4.9, and the resulting

quantity is denoted
P

Δ . A separate sum of all intervals
satisfying Δ > 0.5, regardless of orientation with respect
to the jets, is denoted as

P
Δ and is used to reject

backgrounds. Figure 4 illustrates how the various rapidity
gap quantities are calculated.

B. Jet performance

The jet reconstruction capabilities are evaluated in the
PYTHIA8 þ A → jets MC sample by matching truth jets to
the nearest reconstructed jet within ΔR < 0.3. Response
distributions, preco

T =ptrue
T , are built in intervals of ptrue

T and
truth. Each distribution is fit to a Gaussian function whose
mean and standard deviation are referred to as the jet energy
scale (JES) and jet energy resolution (JER), respectively.
The JES and JER are shown in Fig. 5 as functions of ptrue

T
for different intervals of j truthj. The mean response is
generally within a half percent of unity over most of the
ptrue
T and truth range, which keeps the required unfolding

corrections small.
The variation of the resolution with pjet

T and j jetj is
consistent with what is observed in other ATLAS studies of
jet response in pp collisions [60]. In this analysis, the
resolution at the lowest pT values is substantially smaller
than in previous studies. This is because the pile-up, which
is the dominant contribution in typical LHC pp analyses, is
negligible in the Pbþ Pb UPC dataset. The combined
impact of deviations from unity in the JES and the overall
effect of JER are corrected in the unfolding procedure.
Possible differences in these jet calibrations between data
and MC are included as sources of systematic uncertainty.
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FIG. 3. Distribution of energies measured in the ATLAS ZDCs
expressed in terms of the ratio of the measured energy to the beam
energy, Ebeam ¼ 2510 GeV. The energies are measured in the
calorimeter opposite the 0n side in events satisfying all photo-
nuclear dijet event selections except the Xn energy requirement
which selects events to the right of the dotted line.

FIG. 4. Diagram illustrating how the various rapidity gap
quantities are computed in a typical event with photonuclear
jet production. Tracks and clusters are indicated by black points
while the jets are shown with blue circles. The lack of neutrons in
the positive direction defines that as the photon-going direction.
The Δ and Δ A are indicated by the green and red solid shaded
areas, respectively. The regions contributing to the

P
Δ are

shown with the hatched green shading, with the solid gray shaded
region indicating a Δ that is smaller than 0.5 and excluded from
the

P
Δ calculation. All hatched regions contribute to

P
Δ .

G. AAD et al. PHYS. REV. D 111, 052006 (2025)

052006-6

Δη > 0.5}

rapidity gap∑ Δη > 2.5
γ

25

allow for direct & resolved 

photon contributions

ΔηA < 3 break up



Experimental signature: activity in detector

events to satisfy a 0nXn requirement, which is imposed by
requiring the energy in one of the ZDCs—the “0n”
direction—to be less than 1 TeV, while the energy in the
other—the “Xn” direction—is greater than 1 TeV. The
photon is assumed to be traveling in the 0n direction and
the struck nucleus in the Xn direction. The distribution of
ZDC energies on the struck-nucleus side is shown in Fig. 3
for events that satisfy the trigger requirements and all the
event selections described in Sec. IV D except the ZDC
energy requirement on the Xn side. It is observed that the
single-neutron peak has a tail to small energies resulting
from showers that start deep in the calorimeter and are not
fully contained. The fraction of valid Xn events that would
fall below the Xn energy threshold, indicated in the figure
with the dashed line, is estimated to be ≲0.1%.
Another characteristic signature of photoproduction

events is that they have large gaps in the rapidities of
produced particles. This feature allows them to be separated
from hadronic backgrounds. These rapidity gaps are
determined using a combination of reconstructed tracks
and clusters, both of which are required to have
pT > 200 MeV. Rapidity-dependent requirements are
imposed on the significance of cluster energies relative
to noise levels to suppress contributions from electronic
noise [61]. So-called edge gaps,Δ andΔ A are defined as
the interval between the edge of the detector ( ¼ "4.9)
and the nearest track or cluster in the photon-going and
nuclear-going directions, respectively.
To prevent the rejection of resolved photon processes, a

second gap definition is constructed by summing all
intervals, Δ , between -adjacent tracks or clusters with
Δ > 0.5. This sum includes all intervals from the most
forward jet in the photon-going direction to the photon-
going edge of the detector at ¼ 4.9, and the resulting

quantity is denoted
P

Δ . A separate sum of all intervals
satisfying Δ > 0.5, regardless of orientation with respect
to the jets, is denoted as

P
Δ and is used to reject

backgrounds. Figure 4 illustrates how the various rapidity
gap quantities are calculated.

B. Jet performance

The jet reconstruction capabilities are evaluated in the
PYTHIA8 þ A → jets MC sample by matching truth jets to
the nearest reconstructed jet within ΔR < 0.3. Response
distributions, preco

T =ptrue
T , are built in intervals of ptrue

T and
truth. Each distribution is fit to a Gaussian function whose
mean and standard deviation are referred to as the jet energy
scale (JES) and jet energy resolution (JER), respectively.
The JES and JER are shown in Fig. 5 as functions of ptrue

T
for different intervals of j truthj. The mean response is
generally within a half percent of unity over most of the
ptrue
T and truth range, which keeps the required unfolding

corrections small.
The variation of the resolution with pjet

T and j jetj is
consistent with what is observed in other ATLAS studies of
jet response in pp collisions [60]. In this analysis, the
resolution at the lowest pT values is substantially smaller
than in previous studies. This is because the pile-up, which
is the dominant contribution in typical LHC pp analyses, is
negligible in the Pbþ Pb UPC dataset. The combined
impact of deviations from unity in the JES and the overall
effect of JER are corrected in the unfolding procedure.
Possible differences in these jet calibrations between data
and MC are included as sources of systematic uncertainty.

1 10

beam / EZDC
AE

0

0.02

0.04

0.06

0.08

0.1

)
be

am
/E

Z
D

C
d(

E
Nd

N1

ATLAS
-1Pb+Pb 5.02 TeV, 1.72 nb

 jets + A UPC

FIG. 3. Distribution of energies measured in the ATLAS ZDCs
expressed in terms of the ratio of the measured energy to the beam
energy, Ebeam ¼ 2510 GeV. The energies are measured in the
calorimeter opposite the 0n side in events satisfying all photo-
nuclear dijet event selections except the Xn energy requirement
which selects events to the right of the dotted line.

FIG. 4. Diagram illustrating how the various rapidity gap
quantities are computed in a typical event with photonuclear
jet production. Tracks and clusters are indicated by black points
while the jets are shown with blue circles. The lack of neutrons in
the positive direction defines that as the photon-going direction.
The Δ and Δ A are indicated by the green and red solid shaded
areas, respectively. The regions contributing to the

P
Δ are

shown with the hatched green shading, with the solid gray shaded
region indicating a Δ that is smaller than 0.5 and excluded from
the

P
Δ calculation. All hatched regions contribute to

P
Δ .
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FIG. 21. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function of xA for different bins ofHT for events with emitted photon energies
in the kinematic range 3.7 × 10−4 < zγ < 0.027. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins ofHT. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the
Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 21. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function of xA for different bins ofHT for events with emitted photon energies
in the kinematic range 3.7 × 10−4 < zγ < 0.027. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins ofHT. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the
Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 21. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function of xA for different bins ofHT for events with emitted photon energies
in the kinematic range 3.7 × 10−4 < zγ < 0.027. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins ofHT. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the
Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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Summary 

• Vast complementarity between LHC UPC and EIC measurements:


‣  EIC provides high precision and polarisation


‣  LHC covers otherwise unaccessible low-xB region


‣  Potential pQCD UPC measurements at (polarised) fixed target: coverage of large-xB region


• EIC: large variety of nuclei


—> valuable for study of nuclear effects


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

• LHC data opens up previously unexplored region
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Disentangling the ambiguity on the ID of the 𝜸 emitter
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Photon flux                   is function of impact parameter: 

enhanced for large       at small impact parameter.
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Small impact parameter, b              higher probability for exciting (∝1/b2)  higher probability to emit neutrons.



Disentangling the ambiguity on the ID of the 𝜸 emitter

Make measurement  with

possibility to detect neutrons
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Photon flux                   is function of impact parameter: 

enhanced for large       at small impact parameter.
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Disentangling the ambiguity on the ID of the 𝜸 emitter
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Disentangling the ambiguity on the ID of the 𝜸 emitter
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Disentangling the ambiguity on the ID of the 𝜸 emitter
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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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