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Abstract The coherent photoproduction of J  and
mesons was measured in ultra-peripheral Pb—Pb collisions
at a center-of-mass energy Sy = 5.02 TeV with the
ALICE detector. Charmoniaare detected in the central rapid-
ity region for events where the hadronic interactions are
strongly suppressed. The J/ is reconstructed using the
dilepton (I* 1) and proton—anti proton decay channels, while
forthe thedileptonandthel* IS * S decay channelsare
studied. Theanalysisisbased on an event sample correspond-
ingtoanintegrated luminosity of about 233 ub>*. Theresults
are compared with theoretical models for coherent J/  and

photoproduction. The coherent cross section is found to
be in a good agreement with models incorporating moder-
ate nuclear gluon shadowing of about 0.64 at a Bjorken-x of
around 6x 1054, such asthe EPS09 parametri zation, however
noneof themodelsisabletofully describetherapidity depen-
dence of the coherent JJ  cross section including ALICE
measurements at forward rapidity. The ratio of  to J/
coherent photoproduction cross sections was also measured
and found to be consistent with the one for photoproduction
off protons.

1 Introduction

Photonuclear reactions can be studied in ultra-peripheral col-
lisions (UPCs) of heavy ions where the two nuclei pass by
with an impact parameter larger than the sum of their radii.
Hadronic interactions are suppressed and the dominant elec-
tromagnetic interactions are mediated by photons of small
virtualities. The intensity of the photon ux is growing with
the squared nuclear charge of the colliding ion resulting in
large cross sectionsfor the photoproduction of vector mesons
in heavy-ion collisions. The photoproduction process has a
clear experimental signature: the decay products of vector
mesons are the only signal in an otherwise empty detector.
The physicsof vector meson photoproduction isdescribed
in [1-4]. Photoproduction of vector mesonsinion collisions

e-mail: alice.publications@cern.ch

can either be coherent, i.e. the photon interacts consistently
with all nucleons in a nucleus, or incoherent, i.e. the pho-
ton interacts with a single nucleon. Experimentally, one can
distinguish between these two production types through the
typical transverse momentum of the produced vector mesons,
which isinversely proportional to the transverse size of the
target. While the coherent photoproduction is characterized
by the production of mesons with low transverse momen-
tum ( pr 60 MeV/c), the incoherent is dominated by
mesons with higher values ( pr 500 MeV/c). Inthe rst
case, thenuclei usually do not dissociate, but the electromag-
netic eldsof ultrarelativistic heavy nuclei are strong enough
to develop other independent soft electromagnetic interac-
tions accompanying the coherent photoproduction process
and resulting in the excitation of one or both of the nuclei. In
the second case, the nucleusbreaks up and usually emits neu-
trons close to the beam rapidities which can be measured in
zero-degree calorimeters (ZDC) placed at long distances on
both sides of the detector [5]. The incoherent photoproduc-
tion can a so be accompanied by the excitation and dissocia-
tion of the target nucleon resulting in even higher transverse
momenta of the produced vector mesons [6].

Coherent heavy vector meson photoproduction is of par-
ticular interest because of its connection with the gluon
distribution functions (PDFs) in protons and nuclei [7]. At
low Bjorken-x values, nuclear parton distribution functions
are signi cantly suppressed in the nucleus with respect to
free proton PDFs, a phenomenon known as parton shadow-
ing [8]. Shadowing effects are usually attributed to multi-
ple scattering and addressed in various phenomenological
approaches based on elastic Glauber-like rescatterings of
hadronic components of the photon, Glauber—Gribov inelas-
tic rescatterings, and high-density QCD [9-34]. Besides,
different parameterizations of nuclear partonic distributions
based on tsto existing data are available [15—8], however
these parameterizations are affected by large uncertainties at
low Bjorken-x values due to the limited kinematic coverage
of the available data samples.
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Heavy vector meson photoproduction measurements pro-
vide apowerful tool to study poorly known gluon shadowing
effectsat low x. The scale of the four-momentum transfer of
theinteraction isrelated to the massmy of the vector meson
as Q2 m\2,/ 4 corresponding to the perturbative regime
in the case of heavy charmonium states. The rapidity of the
coherently produced cc states is related to the Bjorken-x of
thegluonsasx = my/ Syn exp(x y), wherethe sign
of theexponent re ectsthat each of theincoming lead nuclel
may act as the photon source. The gluon shadowing factor
Rg(x, Q?), i.e. theratio of the nuclear gluon density distri-
bution to the gluon distribution in the proton, can be evalu-
ated via the measurement of the nuclear suppression factor
de ned asthe square root of the ratio of the coherent vector
meson photoproduction cross section on nuclei to the photo-
production cross section in theimpul se approximation that is
based on the exclusive photoproduction measurements with
the proton target [19,20]. The square root in this de nition
is motivated by the fact that the coherent photoproduction
cross section is expected to scale as the sgquare of the gluon
density in leading order pQCD.

The extraction of the nuclear suppression factor in UPC
measurements is complicated by the fact that the measured
vector meson cross section in UPCs is expressed as a sum
of two contributions since either of the colliding ions can
serve as a photon source. At forward rapidities one contri-
bution corresponds to higher photon—nucleus energies while
the other to lower energies resulting in ambiguities in the
extraction of the nuclear suppression factor. The midrapid-
ity region has the advantage that both contributions are the
same and the suppression factor can be extracted unambigu-
ousdly in this case. Since the contribution of the high and low
energies as the rapidity changes varies across models, the
measurement of the rapidity dependence of the cross section
for coherent charmonium production may provide anew tool
to constrain the evolution of the parton distribution in the dif-
ferent models.

Photoproduction cross section measurementsfor different
quarkonium species provide an opportunity to probe gluon
shadowing effects at different Q2 scales. On the other hand,
the comparison of excited and ground states of charmonia
can shed light on the modelling of the charmonium wave
functions and help to disentangle perturbative from non-
perturbative effects in the model calculations [21,22].

Charmonium photoproduction in Pb—Pb UPCs was
previously studied by the ALICE Collaboration at

SNN = 2.76 TeV [23-25]. The coherent JJ  photo-
production cross section was measured both at midrapidity
ly| < 0.9 and at forward rapidity S3.6 < y < S2.6. In
addition, the CM'S Collaboration studied the coherent J/
photoproduction accompanied by neutron emission at semi-
forward rapidity 1.8 < |y| < 2.3a Syn = 2.76 TeV
[26]. The results were compared with various models and
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the best description was found amongst those introducing
moderate gluon shadowing in the nucleus. The ALICE mea-
surementswere used in Ref. [ 19] to extract the nuclear gluon
shadowing factor Rg yielding Rg(x ~ 10%%) = 0.61£30%
and Rg(x  1052) = 0.74521L at the scale of the charm
quark mass. The ALICE measurement of  photoproduc-
tion at midrapidity also supports the moderate-shadowing
scenario [25]. A complementary rapidity-differential mea-
surement of thecoherent JJ and  photoproduction at for-
ward rapidity in PbPb UPCsat  Ssyy = 5.02 TeV by the
ALICE Collaboration further underlines the importance of
gluon shadowing effects [27]. The gluon shadowing factor
Rg(x  10%2) 0.8 was obtained under assumption that
the contribution from high photon-nucleus energies, i.e. low
Bjorken x  10°°, can be neglected in the measured cross
sections.

In this publication, we present the rst measurement of
the coherent J  and photoproduction cross sections
at the midrapidity range |y| < 0.8 in the Pb—Pb UPCs at

SNN = 5.02 TeV, recorded by ALICE in 2018. The J/
photoproduction cross section in this measurement is sensi-
tivetox (0.3, 1.4)x 1053, afactor 2 smaller thaninthepre-
vious midrapidity measurement at Sy = 2.76 TeV [24].
This data sample is approximately 10 times larger than Pb—
Pbsampleat Syny = 2.76 TeV used for the ALICE results
reported in Refs. [24,25]. Thelarger datasampleallowsfor a
measurement of theJ/  cross section in threerapidity inter-
vals (Jy| < 0.15,0.15 < |y| < 0.35,0.35 < |y| < 0.8)
extending the previous rapidity-differential cross section
measurement in the forward range at  syy = 5.02 TeV
[27]. J decaystop*uS,e*e> andppand  decaysto
ptpsS t S eteS * S and IT1S are investigated. The
coherent JJ  production in the pp channel in UPCsis mea-
sured for the rst time. The ratio of the  and J/ cross
sections is also measured and compared with earlier ALICE
measurements[ 25, 27]. Themeasured crosssectionsarecom-
pared to models assuming no gluon shadowing as well asto
predictions that employ moderate gluon shadowing. Shad-
owing models are based on a parametrization of previously
available data, the leading twist approximation and severa
variations of the color dipole approach.

2 Detector description

The ALICE detector and its performance are described in
[28,29]. The main components of the ALICE detector are a
central barrel placed inalarge solenoid magnet (B = 0.5T),
covering the central pseudorapidity region, and amuon spec-
trometer at forward rapidity, covering the range $4.0 <
< $2.5. Three central barrel detectors, the Inner Tracking
System (ITS), the Time Projection Chamber (TPC), and the
Time-of-Flight detector (TOF), are used in this analysis.
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The ITSismade of six silicon layersand is used for par-
ticle tracking and interaction vertex reconstruction [30]. The
Silicon Pixel Detector (SPD) makes up the two innermost
layers of the ITSwith about 107 pixels covering the pseudo-
rapidity intervals| | < 2and| | < 1.4 for theinner (radius
3.9 cm) and outer (radius 7.6 cm) layers, respectively. The
SPD isread out by 400 (800) chipsin theinner (outer) layer
with each of the readout chips a so providing atrigger signal
if at least one of its pixelsis red. When projected into the
transverse plane, the chips are arranged in 20 (40) azimuthal
regions in the inner (outer) layer alowing for a topological
selection of events at the trigger level.

The TPC is used for tracking and for particle identi -
cation [31]. A 100 kV central electrode separates the two
drift volumes, providing an electric eld for electron drift.
The two end-plates, at |z| = 250 cm, are instrumented with
Multi-Wire-Proportional-Chambers (MWPCs) with 560,000
readout pads, allowing high precision track measurementsin
thetransverse plane. The z coordinate is given by the time of
driftinthe TPC electric  eld. The TPC acceptance coversthe
pseudorapidity region| | < 0.9. lonization measurements of
individual track clusters are used for particle identi cation.

The TOF detector isalarge cylindrical barrel of multigap
resistive plate chambers with about 150,000 readout chan-
nels surrounding the TPC and providing very high precision
timing measurement [ 32]. The TOF pseudorapidity coverage
is| | < 0.8. In combination with the tracking system, the
TOF detector isused for charged particleidenti cation up to
a momentum of about 2.5 GeV/ ¢ for pions and kaons and
up to 4 GeV/ ¢ for protons. The TOF readout channels are
grouped into 1608 trigger channel s (maxipads) arranged into
18 azimuthal regions and provide topological-trigger deci-
sions.

The measurement also makes use of the three forward
detectors. The VO counters consist of two arrays of 32 scin-
tillator tileseach, covering theinterval 2.8 < < 5.1(VOA)
andS$3.7< < $1.7(VOC) and positioned respectively at
z = 340cmandz = S 90 cm from theinteraction point [33].
The ALICE Diffractive (AD) detector consists of two arrays
of 8 scintillator tiles each arranged in two layers, covering
therange 49 < < 6.3 (ADA)and S70< < 548
(ADC) and positioned at z = 17 mand z = S 19.5 m from
the interaction point, respectively [34]. Both VO and AD can
be used to veto hadronic interactions at the trigger level.

Finally, two zero-degree calorimeters ZNA and ZNC,
located at +112.5 m from the interaction point, are used
for the measurement of neutrons at beam rapidity. They have
good ef ciency ( 0.94) to detect neutrons with | | > 8.8
and have arelative energy resolution of about 20% for single
neutrons, which allows for a clear separation of events with
either zero or afew neutrons at beam rapidity [5].

3 Data analysis
3.1 Event selection

The data analysisin this paper is based on the event sample
recorded duringthe PbPb at  Syn = 5.02 TeV data tak-
ing period in 2018. A dedicated central barrel UPC trigger
consists of topological trigger formed by at least two and
up to six TOF maxipads with at least one pair of maxipads
having an opening angle in azimuth larger than 150 degrees
and a topological trigger formed by at least four triggered
SPD chips. Thetriggered SPD chipsarerequired to formtwo
pairs, each pair with two chipsin different SPD layersfalling
in compatible azimuthal regions. The two pairs of chips are
required to have an opening angle in azimuth larger than 153
degrees. It is further vetoed by any activity within the time
windows for nominal beam—beam interactionson the V0 and
AD detectors on both sides of the interaction point.

The used data sample corresponds to an integrated lumi-
nosity of 233pub°>1, derived from the counts of two inde-
pendent reference triggers, one was based on multiplicity
selection in the VO detector and another one based on neu-
tron detection in the ZDC. The reference trigger cross sec-
tions were determined from van der Meer scans; this pro-
cedure has an uncertainty of 2.2% [35].The determination
of the live-time of the UPC trigger has an additional uncer-
tainty of 1.5%. The total relative systematic uncertainty of
theintegrated luminosity isthus 2.7%. Alternatively the ref-
erence cross section can be calibrated using Glauber calcula-
tion [27]. The difference between the two methodsis smaller
than the quoted systematic uncertainty. Alternatively the ref-
erence cross section can be calibrated using Glauber calcula
tion [27]. The difference between the two methodsis smaller
than the quoted systematic uncertainty.

Additional of ine vetoes are applied on the AD and VO
detector signals to ensure the exclusive production of the
charmonia. The of ine selection in these detectors is more
precise than vetoes at the trigger level, because it relies on
larger time windows than the trigger electronics and on a
morere ned algorithm to quantify the signal.

Online and of ine VO and AD veto regquirements may
result in signi cant inef ciencies (denoted as veto inef-

ciencies) in selecting signal events with exclusive char-
monium production due to additional activity induced by
hadronic or el ectromagnetic pile—dp processesfromindepen-
dent Pb—Pb collisions accompanying the coherent charmo-
nium photoproduction. The probability of hadronic pile—tp
in the collected sample does not exceed 0.2%, however there
is a signi cant pile—dp contribution from the electromag-
netic electron-pair production process. Thevetoinef ciency
induced by these pile—dp effectsin the VO and AD detectors
is estimated using events selected with an unbiased trigger
based only on the timing of bunches crossing the interaction
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region. The average veto ef ciency PLe™ = 0.920+ 0.002
isapplied to raw charmonium yields to account for hadronic
and electromagnetic pile-up processes. In the forward rapid-
ity analysisahigher vetoef ciency wasobtained duetomiss-
ing veto on VOC detector.

Signal events with exclusive charmonium production,
accompanied by el ectromagnetic nuclear dissociation (EMD),
can be rgjected if, in addition to the forward neutrons, other
particles, produced at large rapidities, leave asignal either in
the AD or the VO detectors. These extra particles may come
from multifragmentation or pion production processes, and
the corresponding cross sections are expected to be large
[36]. The amount of good events with neutrons, which are
lost due to AD and VO vetoes, is estimated using control
triggers without veto on AD and/or VZERO detectors. The
fraction of lossesfor this category of events (EMD) amounts
to 26% + 4% for eventswith asignal either in ZNA or ZNC
and reach 43%= 5% for eventswith asignal in both ZNA and
ZNC. The average event loss is computed using fractions of
events with and without neutrons on either side. The average
veto ef ciency correction EMP = 0.92+ 0.02isapplied to
raw charmonium yields to account for the EMD process.

The selected events are required to have a reconstructed
primary vertex determined using at least two reconstructed
tracks and having a longitudinal position within 15 cm of
either side of the nominal interaction point. The analysisis
aimed at thereconstructionof J/  decayingtop* u>,e*eS,
pp and of  decayingtoI*1Sand ¥ * S followed by
J I*15. Therefore, eventswith two or four tracksin the
central barrel are required.

Two types of tracks are considered in the analysis: global
tracks and ITS standalone tracks. Global tracks are recon-
structed using combined tracking in ITS and TPC detectors.
Tracksarerequired to cross at least 70 (out of 159) TPC pad-
rows and to have a cluster on each of the two layers of the
SPD. Each track must have a distance of closest approach to
the primary vertex of lessthan 2 cminthedirection of z-axis.
I TSstandalonetracksarereconstructed using I TSclustersnot
attached to any global track, requiring at least four clusters
inthe ITS, out of which two must be in the SPD.

The two-body decays are selected by looking for events
with exactly two global tracks with opposite electric charge
(unlike-sign). The probability to nd extra global tracks not
passing the standard track selection criteria or being recon-
structed only in ITSisfound to be negligible. The four-body
decaysof  are selected by looking for exactly four tracks
with at least two being global tracks. The kinematics of the

I*1S * S decay is such that pions and leptons are
well separated: leptonshave high pr 1GeV/c while pions
aremuch softer with pt 0.3GeV/c. Thisfeatureisused to
identify the pion pair. Tracks are sorted according to their pt
and thetwowith lowest pt areassumed to be pions, whilethe
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other two are assumed to be leptons. The tagged pions and
lepton pairs are required to consist of opposite-sign tracks.

To separate the J/ u*uS, e*eS and pp decays, the
particleidenti cation (PID) capabilities of the TPC and TOF
detectors are used. The momenta of the tracks from J/
decaysare p (1.0, 2.0) GeV/c for the p* S and et e®
channelsandp (0.75, 1.75) GeV/ ¢ for thepp channel. The
PID resolution of the TPC alows for complete separation
of electrons and muons in the momentum range mentioned
above. Since the speci ¢ ionization energy loss (dE/ dx)
of electron and proton become equal at momenta around 1
GeV/c, the TPC PID is not applicable for the identi cation
of protonsfrom coherently produced J/ . However, the PID
capabilities of the TOF detector allow for the separation of
protons from other particle species in the momentum range
relevant for thisanalysis. For the J/ pp channel, at least
onetrack isrequiredto havevalid TOF PID information. If no
TOF PID isavailable for the second track, TPC PID is used.
The dE/dx in TPC or the Lorentz Betafactor ( = v/c) of
each reconstructed track in TOF is measured in units of the
standard deviation () with respect to expected values for
U, e, p a the given measured momentum. The track pair is
accepted if n2, + n?g < 16,

The charmonium photoproduction may be accompanied
by pile-up from electromagnetic electron-pair production or
by noisein the SPD resulting in extra red SPD trigger chips
satisfying the SPD trigger selection topology. In order to
exclude contamination of eventsnot triggered by the charmo-
nium decay products, the red SPD trigger chipsarerequired
to match SPD clusters corresponding to the selected tracks.
Itisfound that 11% (7%) of theeventswithaJ/ candidate
decaying into dimuons (di-electrons) with 4 SPD clusters
cannot be matched to the red trigger chips. The matching
reguirement has a much stronger effect for the 4-track decay
channels of  removing 40% and 22% of the candidates
in the prpS * S and eteS * Schannd,
respectively.

3.2 Acceptance and ef ciency correction

The product of acceptance and ef ciency of theJ and
reconstruction () is evaluated using a large Monte Carlo
(MC) sample of coherent and incoherent JJ and  events
generated by STARIlight 2.2.0 [37] with decay particles
tracked in a model of the experimental apparatus imple-
mented in GEANT 3.21 [38]. The model includes arealistic
description of the detector status during data taking and its
variation with time.

For thisanalysis, the primary JJ  and  vector mesons
produced in UPCs are considered to be transversely polar-
ized. This is consistent with expectations from helicity
conservation in photo production and consistent with H1
and ZEUS measurements [39—41]. As observed in previous
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experiments, both JJ  and the two pionsfrom  decay are
in the S-wave state resulting into the full transfer of the
polarisationtotheJ  [42]. The expected polarization states
of primary JJ  and  aswell as of secondary J  from
decays are properly taken into account in the MC simu-
lations used in this analysis. These MC simulations are also
used in the evaluation of the feed-down contribution to the
two-body decay channels from the J + * Sand
J + 9 Odecaysandfor modeling thesignal shape
and different background contributions.

The ef ciency of the SPD trigger chips is measured
with a data-driven approach using a minimum bias trigger.
Tracks selected without requiring hitsin both SPD layersare
matched to the trigger chips they cross. The obtained ef -
ciency maps are introduced on an event-by-event basisto the
MC simulations. Thesinglechip ef ciency isabout 92%. As
the trigger requires 4 chips, the overall effect corresponds to
an ef ciency of about 0.72 + 0.01.

The TOF trigger ef ciency is also estimated with a data-
driven approach and is taken into account in the MC simula-
tions. The average coverage of the active TOF trigger chan-
nelsis approximately 90%. The averagetrigger ef ciency of
the active channels is de ned as the probability to nd sig-
nals in maxipads crossed by extrapolated TPC tracks from
minimum bias events and is found to be 97-98%, depending
on track arrival times. More than 93% of the active chan-
nels are aimost 100% ef cient. The low ef ciency in some
channels is caused by timing alignment issues and partially
disconnected or broken equipment.

3.3 Signal extraction

The extraction of coherent J and  yieldsin al decay
channels is performed in the rapidity interval |y| < 0.8.
In addition, the J/  measurements in the dielectron and
dimuon channels are performed in three rapidity intervals:
ly] < 0.15,0.15 < |y] < 0.35,and 0.35 < |y| < 0.8
where the y ranges were chosen to have approximately the
same number of candidates per range. An enriched sample
of conerent JJ and  candidates is obtained by select-
ing the reconstructed candidates with transverse momentum
pT < 0.2GeV/c.

The invariant mass distributions for dimuon and dielec-
tron pairs reconstructed in the full rapidity range are shown
inFig. 1, left. TheinclusiveJ/  yieldsareobtainedby tting
the invariant mass distributions with an exponential function
describing the underlying continuum and two Crystal Ball
functionsto describethe ) and  signals. TheJ  pole
mass and width were left free, while the tail parameters (
and n) in the Crystal Ball function were xed to the values
obtained in MC simulations in order to gain higher stability
of the ts. Inthe case of the signa, al the Crystal Ball

parameters were xed to the values obtained in MC simula-
tions.
TherawinclusiveJ  yieldsobtainedfrominvariant mass
ts contain contributions from the coherent and incoherent
J photoproduction that can be separated via the analysis
of thetransverse momentum spectra. Theinclusive pr distri-
butionsfor u* u° ande* e candidatesaroundthe mass
are shown in the right panels of Fig. 1. These distributions
are tted with MC templates produced using STARlight, fol-
lowed by full detector simulation and reconstruction, cor-
responding to different production mechanisms: coherent
and incoherent J/ , feed-down J/  from decays of coher-
ent and incoherent  and the dilepton continuum from
the I*1S process. Incoherent J/  production with
nucleon dissociation (or dissociative JJ ) isalso taken into
account to describe the high- pt tail with the template based
onthe H1 parametrization [39]. Normalization of feed-down
J fromcoherentandincoherent  decaysisconstrainedto
thenormalization of primary J  templates according to the
feed-down fractions extracted as described below. The nor-
malization of the dilepton continuum from the I*1°
processis xed by theresultsfor the background description
of the invariant mass ts. The combinatorial background,
estimated by considering the distribution of like-sign candi-
dates, isfound to be negligibleinthe J  massregion.
The templates are tted to the data leaving the normal-
ization free for coherent J/ , incoherent J/  and dissocia

tiveJ  production. The extracted incoherent J/  fraction
_ Nincoh

fi = e for pr < 0.2GeV/cis4.7+ 0.3% (5.0+ 0.5)%
for the p* p>(e* e®) decay channel. The quoted fractions
include the contribution of incoherent J/  with nucleon dis-
sociation.

Theinvariant massand the pr distributionsfor the J/
pp decay channel are shown in Fig. 2. The data sample
obtained in this channel is too small to t the prt distribu-
tion with MC templates. However, since the difference in
resolution of pr shapes of the coherent or incoherent MC
samples for the pp and p* S channels is negligible, one
can expect the f; fraction to be the same. Thisis due to the
fact that neither the u* u®> nor the pp channels suffer from
bremsstrahlung. This is not the case for dielectrons where
bremsstrahlung induces the large difference in the mass and
momentum resol ution which affect the templates and conse-
quently the f, fraction. )

AsonecanseeinFig. 1,the  vyieldsinthep™ uS and
e*e> channels are small and lying on top of a signi cant
background. In order to increase the signi cance of the
signal and to reduce the statistical uncertainty, the  yield
is extracted from the merged I* 1 sample with signi cance

3. Figure 3 shows the merged dilepton mass spectrum
together with the pt distribution of the dilepton candidates
intheinvariant massrangeunder the  masspeak. The tto
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Fig. 1 Left: Invariant massdistributionof I* 1> pairs. Thedashed green
line correspondsto the background. The solid magentaand red linescor-
respond to Crystal Ball functions representingthe J  and  signd,
respectively. The solid blue line corresponds to the sum of background

the invariant mass distribution is performed in the same way
as described before.

Figure 4 shows the invariant mass (left) and the pr distri-
bution (right) for urpsS * Sand eteS * S
quadruplets. Distributionsinclude combinatorial background.
A coherent peak is clearly visible at low pr. The signal
extraction inthe p*puS * S ande*eS * S channd is
straight-forward since the signal is very clean. The num-
ber of candidates is extracted by summing the bin con-
tents in the mass interval 3.6 < my, < 3.8GeV/c? and
34< me < 3.8GeV/c?. The number of candidates with

1=

and signal functions. Right: Transverse momentum distribution of J/
candidates in the range quoted in the gure (around the J  nominal
mass)

wrong-sign combinations in the same mass interval, repre-
senting the level of background, is subtracted afterwards.
The incoherent contamination of the  sample is esti-
mated as follows. The incoherent-to-coherent photoproduc-
tion cross section ratio is expected to be similar for 1S and
2S charmonium states [37,43]. Due to lack of model cal-
culations for the incoherent cross section in UPCs at
SN = 5.02 TeV, predicted incoherent-to-coherent cross
sectionratiosforJ  fromRefs.[6,14,37] areused asan esti-
mate of the incoherent-to-coherent cross section ratio for

Thefactor f| = %ﬂﬂ 6% is extracted from the predicted
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Fig. 3 Left: Invariant massdistributionof I* 1 pairs. Thedashed green
line corresponds to the background description. The solid magentaand
red line correspond to Crystal Ball functions representing theJ  and

signals, respectively. The solid blue line corresponds to the sum of

Ccross section ratios, corrected for acceptance and ef ciency
of coherent and incoherent  states. The difference in the
predicted incoherent-to-coherent cross section ratiosis used
as an estimate of the systematic uncertainty.

Theraw J  yields contain asigni cant feed-down con-

tribution originating from decays J + anything,
dominated by the J + * Sand J + 00
; _ N(FeedD
decay channels. The feed-down fraction fp = J,\Rm%y”;l
can be extracted from theratioof rawJ and  yields:

background and signal functions. Right: Transverse momentum distri-
bution of J  candidates in the range quoted in the gure (around the
J nominal mass)

(&)
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background and signal functions. Right: Transverse momentum distri-

bution of  candidates in the mass range quoted in the gure (around
the  mass)
N
Ry = & — = 0.0170+ 0.0024(0.0184+ 0.0030), (1)
J/

for p*pS(e*eS). Therav  and J  yieldsin this ratio
contain contributionsboth from coherent and incoherent pho-
toproduction. However, according to the pt ts, the fraction
f; doesnot exceed 6% and, according to STARIight, thefrac-
tion of the incoherent contributionsis expected to be similar
inthe andJ vyields. The Ry ratio can therefore be con-
sidered as a good estimate of the ratio of coherent J  and

1=
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Fig. 4 Left: Invariant massdistribution for ptpsS *+ S (upper
panel) and ete> * S (bottom panel). The green line shows
the wrong sign four-track events. The red line shows the  signal

yields, since the incoherent fractionslargely cancel in the
ratio. The fp ratio can be expressed via the measured Ry
ratio:

1, SN BRx ) g s

|+|S+§+(BRX) Jy 0o

as described in the text. Right: Transverse momentum distribution of
candidates in the mass range quoted in the gure (around the
nominal mass)

are obtained in the p* pSand in e* €S channel respectively,
with the uncertainty being the quadratic sum of statistical

1+1S 0 0

—+ 1 =
fp Ny

(BRx )

x Ry, (%)

1+15

where (BR x ) in the corresponding channels denote prod-
ucts of world-average branching ratios [44] and the product
of acceptance and ef ciency of measuring exactly two lep-
tons. The fp fractions of 3.5% + 0.5% and 4.3% + 0.7%

1=

and systemati c uncertainties, wherethe statistical uncertainty
dominates. The systematic uncertainty includes contribu-
tionsfromthed and signal extractionandthebranching
ratios.
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Tablel Raw J vyields, , fp and f; fractions and coherent J/

cross sections per decay channel

Decay Iyl Ny fo fi d §° dy (mb)

pus (0.00, 0.80) 3120+ 61 0.037 0.035 0.047 + 0.003 4,12+ 0.08(stat.) = 0.23(syst.)
ptus (0.00, 0.15) 1027+ 35 0.064 0.035 0.047 + 0.003 4.23+ 0.15(stat) + 0.24(syst)
ptus (0.15, 0.35) 1083+ 36 0.051 0.035 0.047 = 0.003 4.22 + 0.14(stat) + 0.23(syst)
ptus (0.35, 0.80) 976 + 33 0.022 0.035 0.047 + 0.003 3.85+ 0.13(stat) £ 0.21(syst)
gteS (0.00, 0.80) 2116+ 65 0.025 0.043 0.050 + 0.005 4,05+ 0.13(stat.) + 0.24(syst.)
gt eS (0.00, 0.15) 683+ 33 0.046 0.043 0.050 + 0.005 3.83% 0.19(stat) £ 0.23(syst)
gteS (0.15, 0.35) 743+ 34 0.034 0.043 0.050 = 0.005 4.20+ 0.19(stat) + 0.25(syst)
eteS (0.35, 0.80) 643+ 31 0.014 0.043 0.050+ 0.005 3.90 + 0.19(stat) + 0.23(syst)
pp (0.00, 0.80) 61+ 8 0.023 0.035 0.047 = 0.003 3.73+ 0.51(stat.) + 0.28(syst.)
Table2 Raw vyields, , f; fractionsand coherent  cross sections per decay channel

Decay Iyl N fi d "/ dy (mb)

uﬂ{é * Vé (0.0,0.8) 53+ 8 0.0103 0.057 0.77 + 0.11(stat.) + 0.09(syst.)
eteS + S (0.0,0.8) 39+ 6 0.0068 0.064 0.86+ 0.15(stat.) + 0.11(syst.)
ME (0.0,0.8) 102+ 24 0.0324 0.063 0.61% 0.15(stat.) + 0.10(syst.)
4 Results These two effects do not cancel-out completely. A residual

The coherent vector meson differential cross sectionisgiven
by:

d ¥ _ i
il
dy WM X Jaol X Gae X BR X Lim x Yy
©)
where
Nyield
Ncoh — yi 4
Y 1+ fi+ fp @)
and
Nyield
NCOh - yl . 5
I+ f ©)
Theraw J and yield values, reconstruction ef cien-

cies , fractions corresponding to incoherent f; and feed-
down fp contamination as well as coherent cross sections
with statistical and systematic uncertainties are summarized
in Tables 1 and 2. Further componentsin the formulainclude
integrated luminosity L in¢, branching ratio of the decay BR,

vetoef cienciescorrespondingtothepile-up PA® and elec-
tromagnetic dissociation EMP and the rapidity interval .

The associated systematic uncertaintiesare brie y described
in the following.
Theof ineAD andVO0vetoesdecreasesthed) ( )yield

by 8% (16%) and also results in alower A ef ciency.

discrepancy of 3% (10%) in the cross section of J/
included in the systematic uncertainty.

The uncertainty related to the evaluation of the incoher-
ent contamination comes from the shape of the continuum
template. By default the I*1° template from the
STARIlight MC simulation isused. Alternative way would be
to use a data-driven template generated from the side bands
of the invariant mass distribution of the JJ . These events
are, in contrast to the pure M C, supposed to include the same
backgroundasundertheJ/  peak. By comparing the f| frac-
tion obtained with the side bands method and the STARIlight
template, a0.8 (0.5%) uncertainty of the cross section for the
p*uS (e*eS) channel isfound.

A systematic uncertainty of the tracking ef ciency of 2%
per track is estimated by comparing, in data and in MC, the
ITS(TPC) hit matching ef ciency tothetracksreconstructed
with TPC (ITS) hitsonly. Thisleadsto a2.8% (4%) system-
atic uncertainty for two-track (four-track) channels.

For the signal extraction in the JJ  analysis the good-
ness of the description of theJ  signal by the Crystal Ball
function is checked. The yield from the t is compared to
the number of events computed by bin counting in the peak
region with the background contribution subtracted using the
exponential background shape from the t. Half differences
of 0.3%, 2.4%, 0.6% were assigned as the systematic uncer-
tainty in the muon, electron and proton channel, respectively.

Another contribution to the signal extraction uncertainties
isthe difference between the function used in the t and the
true shape of the background. Itisestimated by varyingthe t
range. A systematic uncertainty of 0.4% (0.3%) isdetermined

()is

1=
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Table 3 Sources of systematic

+

uncertainty for the coherent J/ J HH J e'e> J PP
cross section meesurements per Signal Extraction 0.5 24 0.7
decay channel in percent o
Incoherent contamination 0.8 0.5 0.8
Branching ratio 0.5 0.5 14
TOF matching — — 5.0
ITS TPC matching 28 2.8 2.8
AD and VO veto 3.0 3.0 3.0
SPD trigger ef ciency 1.0 1.0 1.0
TOF trigger ef ciency 0.7 0.7 0.7
Luminosity 27 2.7 27
EMD correction 20 2.0 20
Feed down 0.6 0.6 0.6
Channel uncorrelated 11 25 53
Channel correlated 55 55 55
Table 4 Sources of systematic + 8 + & .85 + & 18
uncertainty for the coherent HH €° "
Cross section measurements per - gl extraction 1.0 2.0 10.0
decay channel in percent o
Incoherent contamination 14 18 18
Branching ratio 15 15 4.8
ITS-TPC matching pions 28 2.8 —
ITS-TPC matching leptons 2.8 2.8 2.8
AD and VO veto 10.0 10.0 10.0
SPD trigger ef ciency 1.0 1.0 1.0
TOF trigger ef ciency 0.7 0.7 0.7
Luminosity 2.7 2.7 27
EMD correction 2.0 20 20
Channel uncorrelated 35 58 11.2
Channel correlated 11.0 11.0 11.0
S 48r 5 12r
£ - ALICE, Pb—Pb |5, = 5.02 TeV £ o ALICE, Pb—Pb |5, = 5.02 TeV
g o UPC, Ly, = 233 + 6 ub"! g " UPC, Ly = 233 £ 6 b
i? 440 i%’ 1;
420 0 -
- N [ 1]
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Fig. 5 Measured differential cross section of coherent J/

(Ieft) and

(right) photoproduction in Pb—Pb UPCsin |y| < 0.8. The points
show the measurements for different decay channels. The error bars

1=

(boxes) represent the statistical (decay channel uncorrelated system-
atic) uncertainty. The gray box shows the average value (dashed line)
and correlated systematic uncertainty
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for thep* uS (e* eS) decay channel of theJ  meson. The
uncertainty in the background subtraction rises rapidly as
the signal -to-background ratio drops. A similar study for the
I*1° decay of the  meson results in a 10% systematic
uncertainty.

The uncertainty associated to the determination of the
trigger ef ciency of the SPD chips is obtained by changing
the regquirements on the probe tracks used in the data-driven
method. Variationsinclude the running conditions, the max-
imum amount of activity allowed in the event, and the de -
nition of tracks accepted in the ef ciency computation. This
uncertainty amountsto 1%.

The uncertainty of the TOF trigger ef ciency due to the
spread of the arrival times of various particle speciesto TOF
isevaluated as 0.5% per track (1% in total). The uncertainty
in case of four track decaysof  appliesonly for the lepton
tracks since the low-momentum pions do not reach the TOF
detector.

IntheJ/ pp analysis, at least onetrack isrequired to
have proton PID from the TOF. Comparing the ef ciency of
the track matching to TOF in data and MC samples, a 10%
disagreement is found. The matching ef ciency from MCis
used and a half-difference of 5% as an additional systematic
uncertainty for the pp channel is assigned.

Tables 3 and 4 show the uncertainties for each source and
channel separately aswell as quadratic sums of the channel-
correlated and uncorrel ated sources.

Thesignal extraction, incoherent contamination and branch-

ing ratio are considered as channel-uncorrelated sources of
systematic uncertainties. The other sources are fully corre-
lated and are the same for al channels. In the case of the

, the four track channels have an extra | TS-TPC matching
uncertainty for the pion tracks which is not correlated with
thel™ I channel, thus it is quoted separately.

TheJ and crosssectionsfor variousdecay channels
computed using Eq. (3) areshownin Fig. 5. The mean values
of theJ and  crosssections are obtained as a weighted
average of the cross sections per decay channel with weights
correspondingtotheinverseof thequadratic sum of statistical
and channel-uncorrel ated systematic uncertainties. The cross
section value averaged over the three decay channels of the
coherent JJ  photoproduction measurementsis:

coh
d J/

" 4.10 + 0.07(stat.) + 0.23(syst.)mb. (6)

The cross section value averaged over the three channels of

coherent  photoproduction measurementsis:
d coh
dy = 0.76 + 0.08(stat.) + 0.09(syst.)mb. (7

The ratio of the 2S to 1S charmonium statesis:

= 0.18 + 0.0185(stat.) + 0.028(syst.) + 0.005(BR).

(8)

Many systematic uncertainties of the J and  cross
section measurements are correlated and cancel in the cross
section ratio. Since the analysis relies on the same data sam-
ple and on the same trigger, the systematic uncertainties of
the luminosity evaluation, trigger ef ciency, EMD correc-
tion and ITS TPC matching of leptons were considered as
fully correlated. The AD and VO of ine veto uncertainty is
partially correlated, so the difference of the uncertainties for

and J istaken into account in the uncertainty of the
ratio. The systematic uncertainties connected to the signal
extraction, incoherent contamination and the branching ratio
are considered uncorrelated between the two measurements.
The dominant uncertainty comes from the uncorrelated part
of the AD and VO veto uncertainty for

5 Discussion

Figure 6 shows the rapidity-differential cross section of the
coherent photoproduction of J/  and  vector mesons in
Pb—Pb UPCs including previous ALICE measurements of
J at forward rapidity [27]. At midrapidity, J  measure-
ments performed in absolute rapidity ranges are shown at
positive rapiditiesand re ected into negative rapidities. The
ALICE measurementsare compared to several modelswhich
are discussed in the following:

The impulse approximation, taken from STARIight [45],
is based on data from exclusive JJ  photoproduction off
protons and neglects all nuclear effects except for the coher-
ence. The square root of the ratio of experimental cross
sections to the impulse approximation is 0.64 £ 0.04 for
J and0.66% 0.06for ,wherestatistical and systematic
uncertaintiesof the AL CE measurementsand aconservative
10% uncertainty on the impulse approximation are added in
quadrature. The obtained nuclear suppression factor re ects
the magnitude of the nuclear gluon shadowing factor at typi-
cal Bjorken-x valuesintherange (0.3, 1.4) x 1053 andisin
good agreement with Rg(x ~ 10°3) = 0.61%5.5; obtained
inRef.[19] fromtheJ  crosssection measurementin UPCs
a SN = 2.76 TeV.

STARIight is based on the Vector Meson Dominance
model and aparametrization of theexistingdataonJ/  pho-
toproduction off protons [37]. A Glauber-like formalism is
used to calculate the JJ  photoproduction cross section in
Pb—Pb UPCs accounting for multiple interactions within the

1=
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Fig. 6 Measured differential cross section of the coherent J/

(left)
and  (right) photoproduction in Pb—Pb UPC events. The error bars
(boxes) show the statistical (systematic) uncertainties. The theoretica

nucleus but not accounting for the gluon shadowing correc-
tions. The STARlight model overpredicts the data indicat-
ing that Glauber-like rescatterings alone are not enough to
explain the observed suppression of the coherent J/  cross
section.

Guzey, Kryshen and Zhalov [46] provide two calcula-
tions (GKZ), one based on the EPS09 LO parametrization
of the available nuclear shadowing data[15] and the other on
the leading twist approximation (LTA) of nuclear shadowing
based on the combination of the Gribov—-Glauber theory and
the diffractive PDFs from HERA [9]. Both the LTA model
and the EPS09 curve, corresponding to the EPS09 L O central
set (uncertainties of the EPS09 cal cul ation are represented by
the green band), are found to be in a good agreement with
thed and crosssectionsmeasured at midrapidity. How-
ever, these models arein tension with the J/  data at semi-
forward rapidity intherange 2.5 < |y| < 3.5, indicating that
the nuclear shadowing might have asmaller effect at Bjorken
x 102 0rx 5x 10°° corresponding to this rapidity
range. It isworth noting that the GKZ predictions are based
on gluon shadowing effects at ascale Q2 = 3GeV? in con-
trast to the default value of 2.4 GeV2 which is used in other
models and also in LTA predictions at lower energies [47].
Themodi ed Q2 value was found to provide better descrip-
tion of the coherent JJ  production cross section in Pb—Pb
UPC measured by ALICE in Run 1 aswell asexclusive J/
photoproduction off protons [48].

Calculations by Cepila, Contreras, Krelina and Tapia
Takaki (CCK) are based on the colour dipole model with
the structure of the nucleon in the transverse plane described
by the so-called hot spots, regions of high gluonic density,

1=
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calculationsarea so shown. The green band representsthe uncertainties
of the EPS09 LO calculation

whose number increases with theincreasing energy [14,49].
Nuclear effects are implemented along the ideas proposed
in the energy-dependent hot-spot model with the standard
Glauber—Gribov formalism (GG-HS) for the extension to the
nuclear case. The GG-HS model agrees withthe J mea-
surements at midrapidity and at most forward rapidities but
underpredicts them at semi-forward rapidities. The  mea
surement at midrapidity is overpredicted by this model.

Calculations by Bendova, Cepila, Contreras, Matas
(BCCM) are based on the color dipole approach coupled to
the solutions of the impact-parameter dependent Balitsky—
Kovchegov equation with initial conditions based on the
Woods-Saxon shape of the Pb nucleus [10]. The model isin
areasonable agreement withtheJ and  dataat midra-
pidity.

Several theory groupsprovided predictionsfor J within
the color dipole approach coupled to the Color Glass
Condensate (CGC) formalism with different assumptions
on the dipole-proton scattering amplitude. Predictions by
Gon aves, Machado et a. (GM) [11,50] based on the IIM
and b-CGC models for the scattering amplitude agree with
the J  datarather well at midrapidity but strongly under-
predict the data at forward rapidities. Predictions by Lappi
andM ntysaari (LM) based on the I Psat model [12,51] over-
predict the ALICE measurements at midrapidity, but match
them at forward rapidities. Recent predictions by > uszczak
and Sch fer (LSBGK-I) within the color-dipole formulation
of the Glauber—Gribov theory [13] arein agreement with the
J  dataat semi-forward rapidities, 2.5 < |y| < 3, dightly
underpredict the data at more forward rapidities3 < |y| < 4
and overpredict the data at midrapidity.
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The comparison of the current results and those at lower
energies of Run 1 may provide interesting insights for
model builders and further constraints on gluon shadow-
ing effects. In particular, the ratio of the coherent JJ  pro-
duction cross sections at central and forward rapidities at

SNN = 5.02 TeV:

d $9"/dy(ly| < 0.8,5.02TeV)
d §M/dy(5325< y < $3.0,5.02TeV)
= 1458373 )

r(5.02TeV) =

is signi cantly smaller compared to a similar ratio at
SNN = 2.76 TeV [24]:

d $9"/dy(yl < 0.9, 2.76 TeV)
d $/dy(536< y< 526,276TeV)
= 0.46
= 238554 10)

r(2.76TeV) =

where statistical and systematic uncertainties were added
in quadrature. The observed attening of the shape of
the rapidity-differential cross section is qualitatively repro-
duced in the impulse approximation from STARlight where
the central-to-forward ratio decreases from 2.66 at
SNN = 2.76TeVto2.22at Syny = 5.02TeV mainly due
to increased contribution of higher photon-nucleus energies
to the measured cross section at forward rapidity. However,
the magnitude and the energy dependence of the central-
to-forward ratio are signi cantly modi ed compared to the
impul se approximation due to gluon shadowing effects.
The measured ratio of the  to J  cross section is
compatible with the previous ALICE measurement at for-
ward rapidities R = 0.150 + 0.018(stat.) + 0.021(syst.) =
0.007(BR) [27], with the exclusive photoproduction cross
section ratio R = 0.166 + 0.007(stat.) + 0.008(syst.) £
0.007(BR) measured by the H1 collaboration in ep colli-
sions [40] and with the ratio R 0.19 measured by the
LHCb collaborationinpp collisions[52]. Themeasured ratio
also agreeswith theratio R~ 0.20 predicted in the leading
twist approximation [46] for Pb—Pb UPCs at midrapidity.
The toJ coherent cross section ratio is expected to
have amild dependence on the collision energy [46]. There-
fore, the measured ratio can be directly compared to the
unexpectedly large  to J/  coherent cross section ratio
R = 0.345 598, measured by ALICE at midrapidity in Pb—Pb
UPCsat Syn = 2.76 TeV [25]. The previous measure-
ment isabout afactor two larger but isstill compatiblewithin
2 standard deviations with the present measurement, owing
mainly to the large uncertainties of the previous result.

6 Conclusions

The rst rapidity-differential measurement on the coherent
photoproduction of J/  at midrapidity |y| < 0.8 in Pb—b
UPCsat sSyn = 5.02 TeV has been presented and com-
pared to the model calculations. This data complements the
ALICE measurement of the coherent J/  cross section at
forward rapidity S4 < y < S$2.5 alowing us to provide
stringent constraints on nuclear gluon shadowing models.

The nuclear gluon shadowing factor of about 0.64 at
Bjorken-x values x (0.3, 1.4) x 10°2 is estimated from
the comparison of the measured coherent J/  cross section
with the impul se approximation at midrapidity. Thisresultis
in agreement with the gluon shadowing factor extracted from
the previous ALICE measurement of the coherent JJ  cross
section at midrapidity inPb—Pb UPCsat Syy = 2.76 TeV.

None of the modelsis ableto fully describe the measured
forward and central rapidity dependence of the coherent J/
cross section. The JJ measurements at central and most
forward rapidities are found to be in agreement with the
models based either on the leading twist approximation of
nuclear shadowing, or the central value of the EPS09 param-
eterization as well as with the energy-dependent hot-spot
model extended to the nuclear case by the standard Glauber—
Gribov formalism and the color dipole approach coupled to
the solutions of the impact-parameter dependent Balitsky—
Kovchegov equation. However, these models appear to bein
tension with the data at semi-forward rapiditiesin the range
2.5 < |y| < 3.5. The data might be better explained with
a model where shadowing has a smaller effect at Bjorken
x 1052 0rx 5x 10°° corresponding to this rapid-
ity range. On the other hand, the models based on the color
dipole approach coupled to the color glass condensate for-
malism describe either the forward or central measurements
depending on the dipole scattering amplitude assumptions
but they are not able to describe the measured cross section
in the full rapidity range.

Theratioof the toJ  crosssectionsat midrapidity is
in a reasonable agreement with the ratio of photoproduction
cross sectionsoff protonsmeasured by theH1 and LHCb col-
|aborations, with theleading twist approximation predictions
for Pb—Pb UPCs as well aswith the ALICE measurement at
forward rapidities.
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