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peripheral Pb-Pb collisions at \/sxn = 5.02 TeV are reported. The measurements, which
rely on the 777~ decay channel, are presented in three regions of rapidity covering the
range |y| < 0.8. For each rapidity interval, cross sections are shown for different nuclear-

breakup classes defined according to the presence of neutrons measured in the zero-degree
calorimeters. The results are compared with predictions based on different models of nu-
clear shadowing. Finally, the observation of a coherently produced resonance-like structure
with a mass around 1.7 GeV/c? and a width of about 140 MeV/c? is reported and compared
with similar observations from other experiments.
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1 Introduction

The electromagnetic field of a fast charged particle, such as those circulating in the Large
Hadron Collider (LHC), is strongly Lorentz-contracted and its strength is dominated by
the component perpendicular to the direction of motion, such that it can be described as
a flux of quasi-real photons. The intensity of this photon flux is proportional to the square
of the electric charge of the particle; thus when lead ions circulate in the LHC there are, in
addition to the standard hadronic collisions, also copious photonuclear interactions. Ultra-
peripheral collisions (UPC) are defined as those for which the impact parameter is larger
than the sum of the radii of the incoming particles, in which case the occurrence of hadronic
processes is strongly suppressed due to the short range nature of quantum chromodynamics

(QCD), and photon-induced processes dominate the interaction rate. The physics of UPC
and recent results obtained at the LHC are reviewed in [1, 2].

The photonuclear production of a p vector meson in Pb-Pb UPC at the LHC is
particularly interesting, because its large cross section makes it a good tool to study the
approach to the black-disk limit of QCD [3]. This process can be pictured as follows: a
quasi-real photon, emitted by one of the Pb ions, fluctuates into a QCD object which
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The electromagnetic field of a fast charged particle, such as those circulating in the Large
Hadron Collider (LHC), is strongly Lorentz-contracted and its strength is dominated by
the component perpendicular to the direction of motion, such that it can be described as
a flux of quasi-real photons. The intensity of this photon flux is proportional to the square
of the electric charge of the particle; thus when lead ions circulate in the LHC there are, in
addition to the standard hadronic collisions, also copious photonuclear interactions. Ultra-
peripheral collisions (UPC) are defined as those for which the impact parameter is larger
than the sum of the radii of the incoming particles, in which case the occurrence of hadronic
processes is strongly suppressed due to the short range nature of quantum chromodynamics
(QCD), and photon-induced processes dominate the interaction rate. The physics of UPC
and recent results obtained at the LHC are reviewed in [1, 2].

The photonuclear production of a p® vector meson in Pb-Pb UPC at the LHC is
particularly interesting, because its large cross section makes it a good tool to study the
approach to the black-disk limit of QCD [3]. This process can be pictured as follows: a
quasi-real photon, emitted by one of the Pb ions, fluctuates into a QCD object which
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Measurement of an Excess in the Yield of J/y at Very Low p; in Pb—Pb Collisions

J. Adam et al.”

(ALICE Collaboration)
(Received 12 October 2015; published 2 June 2016)

We report on the first measurement of an excess in the yield of J/y at very low transverse momentum
(pr < 0.3 GeV/c) in peripheral hadronic Pb-Pb collisions at /sy = 2.76 TeV, performed by ALICE at
the CERN LHC. Remarkably, the measured nuclear modification factor of J/y in the rapidity range
2.5 < y < 4 reaches about 7 (2) in the p; range 0-0.3 GeV/c in the 70%-90% (50%-70%) centrality
class. The J/y production cross section associated with the observed excess is obtained under the
hypothesis that coherent photoproduction of J/y is the underlying physics mechanism. If confirmed, the
observation of J/y coherent photoproduction in Pb-Pb collisions at impact parameters smaller than twice
the nuclear radius opens new theoretical and experimental challenges and opportunities. In particular,
coherent photoproduction accompanying hadronic collisions may provide insight into the dynamics of
photoproduction and nuclear reactions, as well as become a novel probe of the quark-gluon plasma.

DOI: 10.1103/PhysRevLett.116.222301

The aim of experiments with ultrarelativistic heavy-ion
collisions is the study of nuclear matter at high temperature
and pressure, where quantum chromodynamics (QCD)
predicts the existence of a deconfined state of hadronic
matter, the quark-gluon plasma (QGP). Heavy quarks are
expected to be produced in the primary partonic scatterings
and to interact with this partonic matter, making them ideal
probes of the QGP. According to the color screening
mechanism [1], quarkonium states are suppressed in the
QGP, with different dissociation probabilities for the
various states depending on the temperature of the medium.
On the other hand, regeneration models predict charmo-
nium production via the (re)combination of charm quarks
during [2-4] or at the end [5,6] of the deconfined
phase. ALICE measurements of the J/y nuclear modifi-
cation factor (Rp,) [7-10] and elliptic flow [11] in
Pb-Pb collisions at a center-of-mass energy of
VSN = 2.76 TeV, as well as the comparison of the
J/w nuclear modification factor in p-Pb collisions at
V/Snn = 5.02 TeV [12,13] with that in Pb-Pb, support
the regeneration scenario.

In this Letter, we report on the measurement of
J/w production in hadronic Pb-Pb collisions at
VSN = 2.76 TeV at very low pr (pr < 0.3 GeV/c).
We find an excess in the yield of J/y with respect to
expectations from hadroproduction. A plausible explana-
tion is that the excess is caused by coherent

"Full author list given at end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI
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photoproduction of J/y. In this process, quasireal photons
coherently produced by the strong electromagnetic field of
one of the lead nuclei interact, also coherently, with the
gluon field of the other nucleus, to produce a J/y. This
process proceeds, at leading order in perturbative QCD,
through the interchange of two gluons in a singlet color
state, probing thus the square of the gluon distribution in
the target. The coherence conditions impose a maximum
transverse momentum for the produced J/y of the order of
one over the nuclear radius, so the production occurs at
very low py. The study of J/y photoproduction processes
in hadron colliders is known in ultraperipheral collisions
(UPCs) and several results are already available in this field
at RHIC [14] and at the LHC [15,16]. These measurements
give insight into the gluon distribution of the incoming Pb
nuclei over a broad range of Bjorken-x values, providing
information complementary to the study of J/y hadropro-
duction in p-Pb and Pb-Pb collisions. However, coherent
J /y photoproduction has never been observed in nuclear
collisions with impact parameters smaller than twice the
radius of the nuclei. Although the extension to interactions
where the nuclei interact hadronically raises several ques-
tions, e.g., how the breakup of the nuclei affects the
coherence requirement, we find no other convincing
explanation. Assuming, therefore, this mechanism causes
the observed excess, we obtain the corresponding cross
section in the 30%-50%, 50%-70%, and 70%-90%
centrality classes.

The ALICE detector is described in Refs. [17,18]. At
forward rapidity (2.5 <y < 4) the production of quarko-
nium states is measured via their 4 *u~ decay channel in the
muon spectrometer down to p; = 0. The silicon pixel
detector (SPD), the scintillator arrays (VO) and the zero
degree calorimeters (ZDCs) were also used in this analysis.

© 2016 CERN, for the ALICE Collaboration

PRL 116, 222301 (2016)
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The SPD is located in the central barrel of ALICE, while
the VO and ZDCs are located on both sides of the
interaction point. The pseudorapidity coverages of these
detectors are || < 2 (first SPD layer), |7| < 1.4 (second
SPD layer), 2.8 < n < 5.1 (VOA), -3.7 <n < —1.7(VOC)
and || > 8.7 (ZDCs). The SPD provides the coordinates of
the primary interaction vertex. The minimum bias (MB)
trigger required a signal in the VO detectors at forward and
backward rapidity. In addition to the MB condition, the
dimuon opposite-sign trigger (4uMB), used in this analysis,
required at least one pair of opposite-sign track segments
detected in the muon spectrometer triggering system, each
with a pr above the 1 GeV/c threshold of the online
trigger algorithm. The background induced by the beam
and electromagnetic processes was further reduced by the
VO and ZDCs timing information and by requiring a
minimum energy deposited in the two neutron ZDCs
(ZNA and ZNC, positioned on opposite sides with respect
to the interaction point) [19]. The energy thresholds were
~450 GeV for ZNA and ~500 GeV for ZNC and were
placed approximately 3 standard deviations below the
energy deposition of a 1.38 TeV neutron. The data sample
used for this analysis amounts to about 17 x 10° yuMB
triggered Pb-Pb collisions, corresponding to an integrated
luminosity L;, ~ 70 ub~!. The centrality determination
was based on a fit of the VO amplitude distribution as
described in Ref. [20]. A selection corresponding to the
90% most central collisions was applied; for these events
the MB trigger was fully efficient. In each centrality class,
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FIG. 1. Raw OS dimuon py distribution for the invariant
mass range 2.8 <my:,- <3.4 GeV/c? and centrality class
70%-90%. Vertical error bars are the statistical uncertainties.
The red line represents the pr distribution of coherently photo-
produced J/y as predicted by the STARLIGHT MC generator [22]
in Pb-Pb ultraperipheral collisions and convoluted with the
response function of the muon spectrometer. The normalization
of the red line is given by the measured number of J/y in excess
reported in Table I after correction for the y/(2S) feed-down and
incoherent contributions (see text).

the average number of participant nucleons (N,,,) and
average value of the nuclear overlap function were derived
from a Glauber model calculation [21].

J/w candidates were formed by combining pairs
of opposite-sign (OS) tracks reconstructed in the
geometrical acceptance of the muon spectrometer and
matching a track segment above the 1 GeV /¢ p; threshold
in the trigger chambers [10]. In Fig. 1, the p; distribution
of OS dimuons, without combinatorial background
subtraction, is shown for the invariant mass range
2.8 <m,, <34GeV/c* in the centrality class
70%-90%. A remarkable excess of dimuons is observed
at very low py in this centrality class. Such an excess has
not been observed in the like-sign dimuon p; distribution,
nor reported in previous measurements in proton-proton
collisions [23-28].

The raw number of J/y in five centrality classes
(0%—-10%, 10%-30%, 30%-50%, 50%—70%, and
70%-90%) and three p; ranges (0-0.3, 0.3-1,
1-8 GeV/c) was extracted by fitting the OS dimuon
invariant mass distribution using a binned likelihood
approach. Two functions were considered to describe the
J/w signal shape: a Crystal Ball function [29] and a
pseudo-Gaussian function [30]. The tails of the J/y signal
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FIG. 2. Invariant mass distributions of OS dimuons in the p;
range 0-0.3 GeV/c. The centrality classes are 0%—-10% (top)
and 70%-90% (bottom). Vertical error bars are the statistical
uncertainties.
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Measurement of an Excess in the Yield of J/y at Very Low p; in Pb—Pb Collisions
at \/ENN =276 TeV

J. Adam et al.”

(ALICE Collaboration)
(Received 12 October 2015; published 2 June 2016)

We report on the first measurement of an excess in the yield of J/y at very low transverse momentum
(pr < 0.3 GeV/c) in peripheral hadronic Pb-Pb collisions at ,/syy = 2.76 TeV, performed by ALICE at
the CERN LHC. Remarkably, the measured nuclear modification factor of J/y in the rapidity range
2.5 < y < 4 reaches about 7 (2) in the p; range 0-0.3 GeV/c in the 70%-90% (50%-70%) centrality
class. The J/y production cross section associated with the observed excess is obtained under the
hypothesis that coherent photoproduction of J/y is the underlying physics mechanism. If confirmed, the
observation of J/y coherent photoproduction in Pb-Pb collisions at impact parameters smaller than twice
the nuclear radius opens new theoretical and experimental challenges and opportunities. In particular,
coherent photoproduction accompanying hadronic collisions may provide insight into the dynamics of
photoproduction and nuclear reactions, as well as become a novel probe of the quark-gluon plasma.

DOL: 10.1103/PhysRevLett.116.222301

The aim of experiments with ultrarelativistic heavy-ion
collisions is the study of nuclear matter at high temperature
and pressure, where quantum chromodynamics (QCD)
predicts the existence of a deconfined state of hadronic
matter, the quark-gluon plasma (QGP). Heavy quarks are
expected to be produced in the primary partonic scatterings
and to interact with this partonic matter, making them ideal
probes of the QGP. According to the color screening
mechanism [1], quarkonium states are suppressed in the
QGP, with different dissociation probabilities for the
various states depending on the temperature of the medium.
On the other hand, regeneration models predict charmo-
nium production via the (re)combination of charm quarks
during [2-4] or at the end [5,6] of the deconfined
phase. ALICE measurements of the J/y nuclear modifi-
cation factor (R,) [7-10] and elliptic flow [11] in
Pb-Pb collisions at a center-of-mass energy of
VSnn = 2.76 TeV, as well as the comparison of the
J/w nuclear modification factor in p-Pb collisions at
VSny = 5.02 TeV [12,13] with that in Pb-Pb, support
the regeneration scenario.

In this Letter, we report on the measurement of
J/w production in hadronic Pb-Pb collisions at
VSnn = 2.76 TeV at very low pr (pr < 0.3 GeV/oc).
We find an excess in the yield of J/y with respect to
expectations from hadroproduction. A plausible explana-
tion is that the excess is caused by coherent
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photoproduction of J/y. In this process, quasireal photons
coherently produced by the strong electromagnetic field of
one of the lead nuclei interact, also coherently, with the
gluon field of the other nucleus, to produce a J/y. This
process proceeds, at leading order in perturbative QCD,
through the interchange of two gluons in a singlet color
state, probing thus the square of the gluon distribution in
the target. The coherence conditions impose a maximum
transverse momentum for the produced J/y of the order of
one over the nuclear radius, so the production occurs at
very low p;. The study of J/y photoproduction processes
in hadron colliders is known in ultraperipheral collisions
(UPCs) and several results are already available in this field
at RHIC [14] and at the LHC [15,16]. These measurements
give insight into the gluon distribution of the incoming Pb
nuclei over a broad range of Bjorken-x values, providing
information complementary to the study of J/y hadropro-
duction in p-Pb and Pb-Pb collisions. However, coherent
J/w photoproduction has never been observed in nuclear
collisions with impact parameters smaller than twice the
radius of the nuclei. Although the extension to interactions
where the nuclei interact hadronically raises several ques-
tions, e.g., how the breakup of the nuclei affects the
coherence requirement, we find no other convincing
explanation. Assuming, therefore, this mechanism causes
the observed excess, we obtain the corresponding cross
section in the 30%-50%, 50%-70%, and 70%-90%
centrality classes.

The ALICE detector is described in Refs. [17,18]. At
forward rapidity (2.5 <y < 4) the production of quarko-
nium states is measured via their 4 *u~ decay channel in the
muon spectrometer down to p; = 0. The silicon pixel
detector (SPD), the scintillator arrays (VO) and the zero
degree calorimeters (ZDCs) were also used in this analysis.

© 2016 CERN, for the ALICE Collaboration

PRL 116, 222301 (2016)
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The SPD is located in the central barrel of ALICE, while
the VO and ZDCs are located on both sides of the
interaction point. The pseudorapidity coverages of these
detectors are || < 2 (first SPD layer), || < 1.4 (second
SPD layer), 2.8 < n < 5.1 (VOA), -3.7 <n < —1.7(VOC)
and || > 8.7 (ZDCs). The SPD provides the coordinates of
the primary interaction vertex. The minimum bias (MB)
trigger required a signal in the VO detectors at forward and
backward rapidity. In addition to the MB condition, the
dimuon opposite-sign trigger (4uMB), used in this analysis,
required at least one pair of opposite-sign track segments
detected in the muon spectrometer triggering system, each
with a pr above the 1 GeV/c threshold of the online
trigger algorithm. The background induced by the beam
and electromagnetic processes was further reduced by the
VO and ZDCs timing information and by requiring a
minimum energy deposited in the two neutron ZDCs
(ZNA and ZNC, positioned on opposite sides with respect
to the interaction point) [19]. The energy thresholds were
~450 GeV for ZNA and ~500 GeV for ZNC and were
placed approximately 3 standard deviations below the
energy deposition of a 1.38 TeV neutron. The data sample
used for this analysis amounts to about 17 x 10° yuMB
triggered Pb-Pb collisions, corresponding to an integrated
luminosity L;, ~ 70 ub~!. The centrality determination
was based on a fit of the VO amplitude distribution as
described in Ref. [20]. A selection corresponding to the
90% most central collisions was applied; for these events
the MB trigger was fully efficient. In each centrality class,
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FIG. 1. Raw OS dimuon py distribution for the invariant
mass range 2.8 <my:,- <3.4 GeV/c? and centrality class
70%-90%. Vertical error bars are the statistical uncertainties.
The red line represents the py distribution of coherently photo-
produced J/y as predicted by the STARLIGHT MC generator [22]
in Pb-Pb ultraperipheral collisions and convoluted with the
response function of the muon spectrometer. The normalization
of the red line is given by the measured number of J/y in excess
reported in Table I after correction for the y(2S) feed-down and
incoherent contributions (see text).

the average number of participant nucleons (N,,,) and
average value of the nuclear overlap function were derived
from a Glauber model calculation [21].

J/w candidates were formed by combining pairs
of opposite-sign (OS) tracks reconstructed in the
geometrical acceptance of the muon spectrometer and
matching a track segment above the 1 GeV /¢ p; threshold
in the trigger chambers [10]. In Fig. 1, the p; distribution
of OS dimuons, without combinatorial background
subtraction, is shown for the invariant mass range
2.8 <m,, <34GeV/c* in the centrality class
70%—-90%. A remarkable excess of dimuons is observed
at very low py in this centrality class. Such an excess has
not been observed in the like-sign dimuon py distribution,
nor reported in previous measurements in proton-proton
collisions [23-28].

The raw number of J/y in five centrality classes
(0%-10%, 10%-30%, 30%-50%, 50%-70%, and
70%-90%) and three p; ranges (0-0.3, 0.3-1,
1-8 GeV/c) was extracted by fitting the OS dimuon
invariant mass distribution using a binned likelihood
approach. Two functions were considered to describe the
J/w signal shape: a Crystal Ball function [29] and a
pseudo-Gaussian function [30]. The tails of the J/y signal
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FIG. 2. Invariant mass distributions of OS dimuons in the p;
range 0-0.3 GeV/c. The centrality classes are 0%—-10% (top)
and 70%-90% (bottom). Vertical error bars are the statistical
uncertainties.
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The first measurement of the cross section for coherent ]/ photoproduction as a function of |t|, the
square of the momentum transferred between the incoming and outgoing target nucleus, is presented.
The data were measured with the ALICE detector in ultra-peripheral Pb-Pb collisions at a centre-of-mass
energy per nucleon pair /SNy = 5.02 TeV with the J/y produced in the central rapidity region |y| < 0.8,
which corresponds to the small Bjorken-x range (0.3 — 1.4) x 107>,

The measured |t|-dependence is not described by computations based only on the Pb nuclear form factor,
while the photonuclear cross section is better reproduced by models including shadowing according
to the leading-twist approximation, or gluon-saturation effects from the impact-parameter dependent
Balitsky-Kovchegov equation. These new results are therefore a valid tool to constrain the relevant model
parameters and to investigate the transverse gluonic structure at very low Bjorken-x.
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1. Introduction

Photonuclear reactions can be studied in ultra-peripheral col-
lisions (UPCs) of heavy ions where the two projectiles pass each
other with an impact parameter larger than the sum of their radii.
In this case, purely hadronic interactions are suppressed and elec-
tromagnetically induced processes occur via photons with typically
very small virtualities, of the order of tens of MeV2. The inten-
sity of the photon flux is proportional to the square of the electric
charge of the nuclei, resulting in large cross sections for the co-
herent photoproduction of a vector meson in UPCs of Pb ions at
the LHC. This process has a clear experimental signature: the de-
cay products of the vector meson are the only particles detected in
an otherwise empty detector.

The physics of vector meson photoproduction is described, e.g.,
in Refs. [1-4]. Two vector meson photoproduction processes, co-
herent and incoherent, are relevant for the results presented here.
In the former, the photon interacts with all nucleons in a nu-
cleus, while in the latter it interacts with a single nucleon. In
both cases a single vector meson is produced. Experimentally,
one can distinguish between these two production types through
the transverse momentum prt of the vector meson which is re-
lated to the transverse size of the target. While coherent photo-
production is characterised by an average transverse momentum
(pt) ~ 60 MeV/c, incoherent production leads to higher average
transverse momenta: (pt) ~ 500 MeV/c. Incoherent photoproduc-
tion can also be accompanied by the excitation and dissociation of

* E-mail address: alice-publications@cern.ch.

https:/[/doi.org/10.1016/j.physletb.2021.136280

the target nucleon resulting in an even higher transverse momen-
tum of the produced vector meson [5].

Shadowing, the observation that the structure of a nucleon in-
side nuclear matter is different from that of a free nucleon [6], is
not yet completely understood and several processes may have a
role in different kinematic regions. In this context, coherent heavy
vector meson photoproduction is of particular interest, because it
is especially sensitive to the gluon distribution in the target, and
thus to gluon shadowing effects at low Bjorken-x [7,8]. One of the
effects expected to contribute to shadowing in this kinematic re-
gion is saturation, a dynamic equilibrium between gluon radiation
and recombination [9]. The momentum scale of the interaction
(Q2?) is related to the mass my of the vector meson as Q% ~m?, /4,
corresponding to the perturbative regime of quantum chromody-
namics (QCD) in the case of charmonium states. The rapidity of
the coherently produced cc states is related to the Bjorken-x of
the gluonic exchange as x = (mv/«/ﬁ) exp (£y), where the two
signs indicate that either of the incoming ions can be the source
of the photon. Thus, the charmonium photoproduction cross sec-
tion at midrapidity in Pb-Pb UPCs at the LHC Run 2 centre-of-
mass energy per nucleon pair of /sy = 5.02 TeV is sensitive
to x € (0.3,1.4) x 10~ at ALICE. It thereby provides information
on the gluon distribution in nuclei in a kinematic region where
shadowing could be present and saturation effects may be impor-
tant [10,11].

Charmonium photoproduction in ultra-peripheral Pb-Pb colli-
sions was previously studied by the ALICE Collaboration at ,/Syy =
2.76 TeV [12-14]. The coherent ]/ys photoproduction cross sec-
tion was measured both at midrapidity |y| < 0.9 and at forward

0370-2693/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
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rapidity —3.6 < y < —2.6. Recently, a measurement of the ra-
pidity dependence of coherent ]J/¢ photoproduction at forward
rapidity at the higher energy of ./Syy = 5.02 TeV was also pub-
lished by the ALICE Collaboration [15]. In addition, the CMS Col-
laboration studied the coherent J/y photoproduction accompanied
by neutron emission at semi-forward rapidity 1.8 < |y| < 2.3 at
+/SNN = 2.76 TeV [16]. These measurements allow for a deeper
insight into the rapidity dependence of gluon shadowing, but do
not give information on the behaviour of gluons in the impact-
parameter plane. The square of the momentum transferred to the
target nucleus, |t|, is related through a two-dimensional Fourier
transform to the gluon distribution in the plane transverse to the
interaction [17]; thus the study of the |t|-dependence of coherent
]/ photoproduction provides information about the spatial distri-
bution of gluons as a function of the impact parameter. Thus far,
the only measurements in this direction were performed recently
by the STAR Collaboration for the case of the p° vector meson [18]
and for the yield of J/¥ in semi-central Au-Au collisions [19].

In this Letter, the first measurement of the |t|-dependence of
the coherent J/¢ photoproduction cross section at midrapidity in
Pb-Pb UPCs at ./syy = 5.02 TeV is presented. The J/y vector
mesons were reconstructed in the rapidity range |y| < 0.8 through
their decay into w* ™, taking advantage of the better mass and
momentum resolution of this channel with respect to the ete™
channel. The data sample, recorded in 2018, is approximately 10
times larger than that used in previous ALICE measurements at
midrapidity at the lower energy of ./snny = 2.76 TeV [14]. Cross
sections are reported for six |t| intervals and compared with theo-
retical predictions.

2. Detector description

The ALICE detector and its performance are described in
Refs. [20,21]. Three central barrel detectors, the Inner Tracking
System (ITS), the Time Projection Chamber (TPC), and the Time-
of-Flight (TOF), in addition to two forward detectors, VO and the
ALICE Diffractive (AD) arrays, are used in this analysis. The central
barrel detectors are surrounded by a large solenoid magnet pro-
ducing a magnetic field of B = 0.5 T. The VO, AD, ITS, and TOF
detectors are used for triggering, the ITS and the TPC for particle
tracking, and the TPC for particle identification.

The VO is a scintillator detector made of two counters, VOA and
VOC, installed on both sides of the interaction point. The VOA and
VOC cover the pseudorapidity ranges 2.8 <n < 5.1 and —-3.7 <
n < —1.7, respectively. Both counters are segmented in four rings
in the radial direction, with each ring divided into 8 sections in
azimuth.

The AD consists of two scintillator stations, ADA and ADC, lo-
cated at 16 and —19 m along the beam line with respect to the
nominal interaction point and covering the pseudorapidity ranges
4.8 <n <6.3 and —7.0 <n < —4.9, respectively [22,23].

The ITS is a silicon based detector and is made of six cylindrical
layers using three different technologies. The Silicon Pixel Detector
(SPD) forms the two innermost layers of the ITS and covers || < 2
and |n| < 1.4, respectively. Apart from tracking, the SPD is also
used for triggering purposes and to reconstruct the primary vertex.

The ITS is cylindrically surrounded by the TPC, whose main pur-
pose is to track particles and provide charged-particle momentum
measurements with good two-track separation and particle identi-
fication. The TPC coverage in pseudorapidity is |n| < 0.9 for tracks
with full radial length. The TPC has full coverage in azimuth. It
offers good momentum resolution in a large range of the track
transverse momentum spanning from 0.1 GeV/c to 100 GeV/c.

The TOF is a large cylindrical gaseous detector based on multi-
gap resistive-plate chambers. It covers the pseudorapidity region

Physics Letters B 817 (2021) 136280

|n| < 0.8. The TOF readout channels are arranged into 18 azimuthal
sectors which can provide topological trigger decisions.

3. Data analysis
3.1. Event selection

The online event selection was based on a dedicated UPC trig-
ger which selected back-to-back tracks in an otherwise empty de-
tector. This selection required (i) that nothing above the trigger
threshold was detected in the VO and AD detectors, (ii) a topolog-
ical trigger requiring less than eight SPD chips with trigger signal,
forming at least two pairs; each pair was required to have an SPD
chip fired in each of the two layers and to be in compatible az-
imuthal sectors, with an opening angle in azimuth between the
two pairs larger than 144°, (iii) a topological trigger in the TOF
requiring more than one and less than seven TOF sectors to regis-
ter a signal; at least two of these sectors should have an opening
angle in azimuth larger than 150°.

The integrated luminosity of the analysed sample is 233 pb~'.
The determination of the luminosity is obtained from the counts
of a reference trigger based on multiplicity selection in the VO de-
tector, with the corresponding cross section estimated from a van
der Meer scan; this procedure has an uncertainty of 2.2% [24]. The
determination of the live-time of the UPC trigger has an additional
uncertainty of 1.5%. The total relative systematic uncertainty of the
integrated luminosity is thus 2.7%.

Additional offline VO and AD veto decisions were applied in
the analysis. The offline veto algorithm improved the signal to
background ratio, because it utilised a larger timing window to in-
tegrate the signal than its online counterpart. Some good events
were lost due to this selection. The loss was taken into ac-
count with the correction on veto trigger inefficiency discussed
in Sec. 3.4. The systematic uncertainty from the VO and AD ve-
toes was estimated as the relative change in the measured J/y
cross section before and after imposing them and correcting for
the losses; it amounts to 3%.

Each event had a reconstructed primary vertex within 15 cm
from the nominal interaction point along the beam direction, z,
and had exactly two tracks. These tracks were reconstructed us-
ing combined tracking in the ITS and TPC. Tracks were requested
to have at least 70 (out of 159) TPC space points and to have a
hit in each of the two layers of the SPD. Each track had to have a
distance of closest approach to the event interaction vertex of less
than 2 cm in the z-axis direction. Also, each track was required
to have |n| < 0.9. The relative systematic uncertainty from track-
ing, which takes into account the track quality selection and the
track propagation from the TPC to the ITS, was estimated from a
comparison of data and Monte Carlo simulation. The combined un-
certainty to reconstruct both tracks is 2.8%.

The particle identification (PID) was provided by the specific
ionisation losses in the TPC, which offer a large separation power
between muons and electrons from the leptonic decays of the J/y
in the momentum range (1.0, 2.0) GeV/c, relevant for this analysis.
The effect of a possible misidentification was found to be negligi-
ble.

An offline SPD decision was also applied in the analysis. The
offline topological SPD algorithm ensured that the selected tracks
crossed the SPD chips used in the trigger decision. The relative
systematic uncertainty from the SPD and TOF trigger amounts to
1.3%, which was estimated using a data-driven method by changing
the requirements on the probe tracks.

The selected events were required to have tracks with oppo-
site electric charge, the rapidity of the dimuon candidate was re-
stricted to |y| < 0.8 and its pr had to be less than 0.11 GeV/c,
in order to obtain a sample dominated by coherent interactions
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the target nucleon resulting in an even higher transverse momen-
tum of the produced vector meson [5].

Shadowing, the observation that the structure of a nucleon in-
side nuclear matter is different from that of a free nucleon [6], is
not yet completely understood and several processes may have a
role in different kinematic regions. In this context, coherent heavy
vector meson photoproduction is of particular interest, because it
is especially sensitive to the gluon distribution in the target, and
thus to gluon shadowing effects at low Bjorken-x [7,8]. One of the
effects expected to contribute to shadowing in this kinematic re-
gion is saturation, a dynamic equilibrium between gluon radiation
and recombination [9]. The momentum scale of the interaction
(Q2?) is related to the mass my of the vector meson as Q% ~m?, /4,
corresponding to the perturbative regime of quantum chromody-
namics (QCD) in the case of charmonium states. The rapidity of
the coherently produced cc states is related to the Bjorken-x of
the gluonic exchange as x = (mv/«/ﬁ) exp (£y), where the two
signs indicate that either of the incoming ions can be the source
of the photon. Thus, the charmonium photoproduction cross sec-
tion at midrapidity in Pb-Pb UPCs at the LHC Run 2 centre-of-
mass energy per nucleon pair of /sy = 5.02 TeV is sensitive
to x € (0.3,1.4) x 10~ at ALICE. It thereby provides information
on the gluon distribution in nuclei in a kinematic region where
shadowing could be present and saturation effects may be impor-
tant [10,11].

Charmonium photoproduction in ultra-peripheral Pb-Pb colli-
sions was previously studied by the ALICE Collaboration at ,/Syy =
2.76 TeV [12-14]. The coherent ]/ys photoproduction cross sec-
tion was measured both at midrapidity |y| < 0.9 and at forward
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rapidity —3.6 < y < —2.6. Recently, a measurement of the ra-
pidity dependence of coherent ]J/¢ photoproduction at forward
rapidity at the higher energy of ./Syy = 5.02 TeV was also pub-
lished by the ALICE Collaboration [15]. In addition, the CMS Col-
laboration studied the coherent J/y photoproduction accompanied
by neutron emission at semi-forward rapidity 1.8 < |y| < 2.3 at
+/SNN = 2.76 TeV [16]. These measurements allow for a deeper
insight into the rapidity dependence of gluon shadowing, but do
not give information on the behaviour of gluons in the impact-
parameter plane. The square of the momentum transferred to the
target nucleus, |t|, is related through a two-dimensional Fourier
transform to the gluon distribution in the plane transverse to the
interaction [17]; thus the study of the |t|-dependence of coherent
]/ photoproduction provides information about the spatial distri-
bution of gluons as a function of the impact parameter. Thus far,
the only measurements in this direction were performed recently
by the STAR Collaboration for the case of the p° vector meson [18]
and for the yield of J/v in semi-central Au-Au collisions [19].

In this Letter, the first measurement of the |t|-dependence of
the coherent J/¢ photoproduction cross section at midrapidity in
Pb-Pb UPCs at ./syy = 5.02 TeV is presented. The J/y vector
mesons were reconstructed in the rapidity range |y| < 0.8 through
their decay into w* ™, taking advantage of the better mass and
momentum resolution of this channel with respect to the ete™
channel. The data sample, recorded in 2018, is approximately 10
times larger than that used in previous ALICE measurements at
midrapidity at the lower energy of ./snny = 2.76 TeV [14]. Cross
sections are reported for six |t| intervals and compared with theo-
retical predictions.

2. Detector description

The ALICE detector and its performance are described in
Refs. [20,21]. Three central barrel detectors, the Inner Tracking
System (ITS), the Time Projection Chamber (TPC), and the Time-
of-Flight (TOF), in addition to two forward detectors, VO and the
ALICE Diffractive (AD) arrays, are used in this analysis. The central
barrel detectors are surrounded by a large solenoid magnet pro-
ducing a magnetic field of B = 0.5 T. The VO, AD, ITS, and TOF
detectors are used for triggering, the ITS and the TPC for particle
tracking, and the TPC for particle identification.

The VO is a scintillator detector made of two counters, VOA and
VOC, installed on both sides of the interaction point. The VOA and
VOC cover the pseudorapidity ranges 2.8 <n < 5.1 and —-3.7 <
n < —1.7, respectively. Both counters are segmented in four rings
in the radial direction, with each ring divided into 8 sections in
azimuth.

The AD consists of two scintillator stations, ADA and ADC, lo-
cated at 16 and —19 m along the beam line with respect to the
nominal interaction point and covering the pseudorapidity ranges
4.8 <n <6.3 and —7.0 <n < —4.9, respectively [22,23].

The ITS is a silicon based detector and is made of six cylindrical
layers using three different technologies. The Silicon Pixel Detector
(SPD) forms the two innermost layers of the ITS and covers || < 2
and |n| < 1.4, respectively. Apart from tracking, the SPD is also
used for triggering purposes and to reconstruct the primary vertex.

The ITS is cylindrically surrounded by the TPC, whose main pur-
pose is to track particles and provide charged-particle momentum
measurements with good two-track separation and particle identi-
fication. The TPC coverage in pseudorapidity is |n| < 0.9 for tracks
with full radial length. The TPC has full coverage in azimuth. It
offers good momentum resolution in a large range of the track
transverse momentum spanning from 0.1 GeV/c to 100 GeV/c.

The TOF is a large cylindrical gaseous detector based on multi-
gap resistive-plate chambers. It covers the pseudorapidity region
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|n| < 0.8. The TOF readout channels are arranged into 18 azimuthal
sectors which can provide topological trigger decisions.

3. Data analysis
3.1. Event selection

The online event selection was based on a dedicated UPC trig-
ger which selected back-to-back tracks in an otherwise empty de-
tector. This selection required (i) that nothing above the trigger
threshold was detected in the VO and AD detectors, (ii) a topolog-
ical trigger requiring less than eight SPD chips with trigger signal,
forming at least two pairs; each pair was required to have an SPD
chip fired in each of the two layers and to be in compatible az-
imuthal sectors, with an opening angle in azimuth between the
two pairs larger than 144°, (iii) a topological trigger in the TOF
requiring more than one and less than seven TOF sectors to regis-
ter a signal; at least two of these sectors should have an opening
angle in azimuth larger than 150°.

The integrated luminosity of the analysed sample is 233 pb~'.
The determination of the luminosity is obtained from the counts
of a reference trigger based on multiplicity selection in the VO de-
tector, with the corresponding cross section estimated from a van
der Meer scan; this procedure has an uncertainty of 2.2% [24]. The
determination of the live-time of the UPC trigger has an additional
uncertainty of 1.5%. The total relative systematic uncertainty of the
integrated luminosity is thus 2.7%.

Additional offline VO and AD veto decisions were applied in
the analysis. The offline veto algorithm improved the signal to
background ratio, because it utilised a larger timing window to in-
tegrate the signal than its online counterpart. Some good events
were lost due to this selection. The loss was taken into ac-
count with the correction on veto trigger inefficiency discussed
in Sec. 3.4. The systematic uncertainty from the VO and AD ve-
toes was estimated as the relative change in the measured J/y
cross section before and after imposing them and correcting for
the losses; it amounts to 3%.

Each event had a reconstructed primary vertex within 15 cm
from the nominal interaction point along the beam direction, z,
and had exactly two tracks. These tracks were reconstructed us-
ing combined tracking in the ITS and TPC. Tracks were requested
to have at least 70 (out of 159) TPC space points and to have a
hit in each of the two layers of the SPD. Each track had to have a
distance of closest approach to the event interaction vertex of less
than 2 cm in the z-axis direction. Also, each track was required
to have |n| < 0.9. The relative systematic uncertainty from track-
ing, which takes into account the track quality selection and the
track propagation from the TPC to the ITS, was estimated from a
comparison of data and Monte Carlo simulation. The combined un-
certainty to reconstruct both tracks is 2.8%.

The particle identification (PID) was provided by the specific
ionisation losses in the TPC, which offer a large separation power
between muons and electrons from the leptonic decays of the J/y
in the momentum range (1.0, 2.0) GeV/c, relevant for this analysis.
The effect of a possible misidentification was found to be negligi-
ble.

An offline SPD decision was also applied in the analysis. The
offline topological SPD algorithm ensured that the selected tracks
crossed the SPD chips used in the trigger decision. The relative
systematic uncertainty from the SPD and TOF trigger amounts to
1.3%, which was estimated using a data-driven method by changing
the requirements on the probe tracks.

The selected events were required to have tracks with oppo-
site electric charge, the rapidity of the dimuon candidate was re-
stricted to |y| < 0.8 and its pr had to be less than 0.11 GeV/c,
in order to obtain a sample dominated by coherent interactions
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sity of the photon flux is proportional to the square of the electric
charge of the nuclei, resulting in large cross sections for the co-
herent photoproduction of a vector meson in UPCs of Pb ions at
the LHC. This process has a clear experimental signature: the de-
cay products of the vector meson are the only particles detected in
an otherwise empty detector.

The physics of vector meson photoproduction is described, e.g.,
in Refs. [1-4]. Two vector meson photoproduction processes, co-
herent and incoherent, are relevant for the results presented here.
In the former, the photon interacts with all nucleons in a nu-
cleus, while in the latter it interacts with a single nucleon. In
both cases a single vector meson is produced. Experimentally,
one can distinguish between these two production types through
the transverse momentum pt of the vector meson which is re-
lated to the transverse size of the target. While coherent photo-
production is characterised by an average transverse momentum
(pt) ~ 60 MeV/c, incoherent production leads to higher average
transverse momenta: (pt) ~ 500 MeV/c. Incoherent photoproduc-
tion can also be accompanied by the excitation and dissociation of
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the target nucleon resulting in an even higher transverse momen-
tum of the produced vector meson [5].

Shadowing, the observation that the structure of a nucleon in-
side nuclear matter is different from that of a free nucleon [6], is
not yet completely understood and several processes may have a
role in different kinematic regions. In this context, coherent heavy
vector meson photoproduction is of particular interest, because it
is especially sensitive to the gluon distribution in the target, and
thus to gluon shadowing effects at low Bjorken-x [7,8]. One of the
effects expected to contribute to shadowing in this kinematic re-
gion is saturation, a dynamic equilibrium between gluon radiation
and recombination [9]. The momentum scale of the interaction
(Q?2) is related to the mass my of the vector meson as Q 2 ~ m%, /4,
corresponding to the perturbative regime of quantum chromody-
namics (QCD) in the case of charmonium states. The rapidity of
the coherently produced cc states is related to the Bjorken-x of

the gluonic exchange as x = (mv /./SNN) exp (£y), where the two

of the photon. Thus, the charmonium photoproduction cross sec-
tion at midrapidity in Pb-Pb UPCs at the LHC Run 2 centre-of-
mass energy per nucleon pair of ,/syy = 5.02 TeV is sensitive
to x € (0.3,1.4) x 1073 at ALICE. It thereby provides information
on the gluon distribution in nuclei in a kinematic region where
shadowing could be present and saturation effects may be impor-
tant [10,11].

Charmonium photoproduction in ultra-peripheral Pb-Pb colli-
sions was previously studied by the ALICE Collaboration at /sNN =
2.76 TeV [12-14]. The coherent J/¢» photoproduction cross sec-
tion was measured both at midrapidity |y| < 0.9 and at forward
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rapidity —3.6 < y < —2.6. Recently, a measurement of the ra-
pidity dependence of coherent J/v photoproduction at forward
rapidity at the higher energy of ,/sny = 5.02 TeV was also pub-
lished by the ALICE Collaboration [15]. In addition, the CMS Col-
laboration studied the coherent J/v photoproduction accompanied
by neutron emission at semi-forward rapidity 1.8 < |y| < 2.3 at
J/SNN = 2.76 TeV [16]. These measurements allow for a deeper
insight into the rapidity dependence of gluon shadowing, but do
not give information on the behaviour of gluons in the impact-
parameter plane. The square of the momentum transferred to the
target nucleus, |t|, is related through a two-dimensional Fourier
transform to the gluon distribution in the plane transverse to the
interaction [17]; thus the study of the |t|-dependence of coherent
J/4 photoproduction provides information about the spatial distri-
bution of gluons as a function of the impact parameter. Thus far,
the only measurements in this direction were performed recently
by the STAR Collaboration for the case of the p° vector meson [18]
and for the vi in semi-central Au-Au collisions [19].

In this Letter, the first measurement of the |t|-dependence o
the coherent |/ photoproduction cross section at midrapidity in
Pb-Pb UPCs at ,/sny = 5.02 TeV is presented. The ]J/¢ vector
mesons were reconstructed in the rapidity range |y| < 0.8 through
their decay into u*™u~, taking advantage of the better mass and
momentum resolution of this channel with respect to the ete~
channel. The data sample, recorded in 2018, is approximately 10
times larger than that used in previous ALICE measurements at
midrapidity at the lower energy of ./sny = 2.76 TeV [14]. Cross
sections are reported for six |t| intervals and compared with theo-
retical predictions.
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