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The first measurement of coherent ϒð1SÞ meson photoproduction off heavy nuclei is performed using
ultraperipheral lead-lead collisions collected by the CMS experiment at a nucleon-nucleon center-of-mass
energy of 5.02 TeV. The nuclear gluonic structure is probed at a nucleon momentum fraction of order
x ∼ 10−3, determined by the kinematics of the process. Owing to the large ϒð1SÞ mass, the measurement
reaches the highest scale accessible so far through coherent vector-meson photoproduction,
μ2 ¼ 22.4 GeV2, where nonlinear quantum chromodynamics effects are expected to be minimal. In
the ϒð1SÞ rapidity range jyj < 1, the ratio of the measured photoproduction cross section to a baseline
model prediction that neglects nuclear effects is Sϒð1SÞ ¼ 0.25� 0.06ðstatÞ � 0.02ðsystÞ, thereby dem-
onstrating nuclear suppression in this process. Expressed in terms of a nuclear gluon suppression factor, the
result yields RPb

g ðx ≈ 10−3; μ2 ¼ 22.4 GeV2Þ ¼ 0.55� 0.12ðstatÞ � 0.02ðsystÞ. The measured Sϒð1SÞ is
only slightly larger than the values previously reported for coherent ϕ photoproduction, despite the probed
μ2 differing by approximately 2 orders of magnitude.
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At nucleon momentum fractions of order x≲ 10−3, the
structure of free nucleons and of nucleons bound in nuclei
becomes increasingly gluon dominated [1,2]. As x
decreases further, the gluon density rises rapidly because
of gluon splitting [3]. At sufficiently small x, nonlinear
quantum chromodynamics (QCD) effects, such as gluon
recombination, are expected to moderate this growth and
eventually lead to a novel regime known as gluon saturation
[4,5]. Heavy nuclei, which have densities significantly
higher than those of free nucleons, offer an ideal environ-
ment to search for gluon saturation. Investigating QCD
dynamics at extreme gluon densities and probing gluon
saturation have motivated extensive experimental efforts in
heavy ion collisions [6–8] and constitute a major physics
motivation for the future Electron Ion Collider [9].
In ultraperipheral collisions (UPCs) of heavy nuclei, the

ions interact at impact parameters greater than the sum of
their radii, so that strong interactions are negligible and
electromagnetic interactions dominate, providing a clean
environment for studying photon-photon and photonuclear
interactions [6,7,10]. Among these processes, the photo-
production of heavy vector mesons is particularly signifi-
cant. At leading order (LO), a quasireal photon from the

projectile ion fluctuates into a quark-antiquark dipole,
which subsequently interacts with the target nucleus
through the exchange of two gluons in a color-singlet
configuration, forming a vector meson. This process can
serve as a sensitive probe of the gluonic structure of
the target nucleus [9,11,12]. In UPCs, photoproduction
occurs through either coherent or incoherent processes.
Coherent photoproduction, where a photon interacts with
the entire nucleus, probes the average gluon distribution,
producing vector mesons with low transverse momentum
(pT < 0.2 GeV). Conversely, incoherent photoproduction
probes local gluon distributions and their fluctuations,
resulting in vector mesons with substantially higher pT
[13–15].
Coherent photoproduction probes the target nucleus at a

momentum-transfer scale largely set by the square of the
vector meson mass, i.e., μ2 ∼M2=4. Measuring different
vector mesons therefore enables complementary access to
the nuclear gluon structure and to possible nonlinear QCD
effects, each with distinct sensitivity [14,16,17]. Coherent
photoproduction of ρ, J=ψ , and ψð2SÞmesons in UPCs has
been extensively studied at the BNL RHIC and CERN LHC
energies [18–29]. These measurements have revealed
significant nuclear modifications to the production cross
sections, offering key tests for theoretical models of gluon
distributions in nuclei. Recent studies by the CMS [25] and
ALICE [26] experiments have provided the first measure-
ments of the dependence of coherent J=ψ photoproduction
on the photon-nucleon center-of-mass energy (WγN). The
results reveal significantly greater nuclear suppression at
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higher WγN (or equivalently lower x) compared to the
baseline predictions by the impulse approximation (IA)
[30–32], which neglects nuclear effects by treating the
nucleus as a collection of free nucleons. The CMS
Collaboration has further extended these studies with a
WγN -dependent measurement of incoherent J=ψ photo-
production [29], which shows an even stronger suppres-
sion toward lower x compared to the coherent
case. Remarkably, the ratio of incoherent to coherent
photoproduction remains constant over a wide WγN range
of ≈40–400 GeV (corresponding to x ¼ 5.9 × 10−3 to
6.5 × 10−5). The recent CMS measurement of coherent
ϕmeson photoproduction in lead-lead (PbPb) UPCs [33]
finds a nuclear suppression factor of 0.18–0.20 at x ∼ 10−4

and μ2 ≈ 0.26 GeV2, lower than the corresponding values
obtained for coherent J=ψ photoproduction by the ALICE
[22] and ATLAS experiments [28], thereby providing
evidence for the mass dependence of nuclear modifications
in vector-meson photoproduction [2,34,35]. Despite these
experimental advances, significant challenges remain for
state-of-the-art theoretical models that include gluon sat-
uration [16,17,36–39] or nuclear shadowing effects
[14,16,31,32,40–42], underscoring the need for continued
experimental and theoretical advances.
Coherent ϒ photoproduction occurs at a μ2 ∼ 9 times

that of J=ψ and ∼90 times that of ϕ, accessing a distinct
kinematic regime. Next-to-LO (NLO) perturbative QCD
(pQCD) calculations [43] show that both quark and gluon
contributions are important for J=ψ, challenging the
assumption that at LO the cross section scales trivially
with the square of the nuclear gluon parton distribution
function (PDF). In contrast, quark contributions are pre-
dicted to be negligible for coherent ϒ production [44],
suggesting that it may serve as a more precise probe of the
nuclear gluon structure of heavy nuclei. Although exclusive
ϒ photoproduction off protons was previously studied in
proton-lead UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [45], coherent ϒ
photoproduction off heavy nuclei in UPCs remained
elusive because of its extremely low production rate and
the large background from photon-photon processes.
This Letter presents the first measurement of coherent

ϒð1SÞ photoproduction off a heavy nucleus in UPCs. The
ϒð1SÞ signal is reconstructed via the μþμ− decay channel
using data collected by the CMS detector in 2018 during
PbPb collisions at the LHC at a nucleon-nucleon center-of-
mass energy of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The data sample
corresponds to an integrated luminosity of 1.66�
0.03 nb−1 [46]. Differential cross sections are presented
in two intervals of the ϒð1SÞ meson rapidity, jyj < 1 and
1 < jyj < 2.4. Additionally, the ϒð1SÞ production cross
section per γPb interaction is measured at midrapidity
(jyj < 0.2), corresponding to WγN ≈ 200 GeV and probing
gluons at x ∼ 10−3. Tabulated results are provided in the
HEPData record for this analysis [47].

The CMS apparatus [48] is a multipurpose, nearly
hermetic detector, designed to trigger on [49,50] and
identify electrons, muons, photons, and hadrons [51–53].
A global “particle-flow” (PF) algorithm [54] aims to
reconstruct all individual particles in an event, combining
information provided by the all-silicon tracker and by the
crystal electromagnetic and brass-scintillator hadron cal-
orimeters, operating inside a 3.8 T superconducting
solenoid, with data from the gas-ionization muon detec-
tors interleaved with the layers of the flux-return yoke
outside the solenoid. Forward hadron calorimeters (HFs)
[55], made of steel and quartz fibers, extend the pseu-
dorapidity (η) coverage provided by the barrel and end-
cap detectors.
Events are selected on-line using a dedicated trigger that

requires at least one muon candidate, with no explicit pT
requirement, in coincidence with a PbPb bunch crossing
[50]. At the trigger level, events with energy deposits above
noise thresholds in either forward calorimeter are vetoed. In
the offline selection, candidate events are required to
contain a primary vertex reconstructed from at least two
tracks, following the standard CMS Run 2 heavy ion
tracking procedure [8]. The vertex is required to lie within
25 cm along the beam direction and 2 cm transversely from
the detector center. To suppress hadronic interactions, the
energy deposits in the positive- and negative-η HF calo-
rimeters must be below thresholds determined from empty
bunch-crossing events. Events are required to contain
exactly two tracks within jηj < 2.4. After all other event
selection requirements have been applied, the two track
requirement removes less than 2% of the events in the
sample. The CMS “soft muon” identification criteria [56],
which rely on combined information from the silicon
tracker and muon detectors, are applied to select high-
quality muons. Each muon is required to have a pT >
3.5 GeV to ensure high reconstruction efficiency. At least
one of the two muon candidates must match the muon that
triggered the event. The ϒ meson candidates are con-
structed by pairing oppositely charged muons with an
invariant mass in the range 8.0 < mμþμ− < 12.0 GeV. The
combinatorial background is evaluated using same-sign
muon pairs and found to be negligible after applying the
event- and muon-level selection criteria.
The reconstructed dimuon sample contains contributions

from both coherent and incoherent processes, as well as a
dominant quantum electrodynamics (QED) background
from the γγ → μþμ− production. The coherent component
includes direct ϒð1SÞ production and the ϒð1SÞ mesons
from the feed-down decays of the ϒð2SÞ and ϒð3SÞ states.
The incoherent contribution arises primarily from ϒð1SÞ
photoproduction in both elastic and dissociative incoherent
interactions. The raw yield ofϒð1SÞmesons is extracted by
fitting the mμþμ− and dimuon pT distributions, following
the methodology established in Refs. [22,25,57], as illus-
trated in Fig. 1.
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The initial raw yield of coherent ϒð1SÞ mesons, Nϒð1SÞ,
is extracted from a fit to themμþμ− distribution in the region
pT < 0.3 GeV, where coherent production dominates. The
ϒ signal shape is modeled using a double-sided Crystal
Ball (CB) function [58], characterized by four parameters,
two describing the low- and high-mass tails, and two
corresponding to the mean (μϒ) and width (σϒ) of the
distribution. The tail parameters and width are fixed to
values obtained from Monte Carlo (MC) simulations
generated with STARlight (v3.13) [59] and processed through
the full CMS detector simulation based on Geant4 [60]. This
choice is supported by the inclusive (jyj < 2.4) fit, where
the tail parameters are consistent with the MC within
uncertainties, while in jyj bins the available data are
insufficient to constrain them. The mean and width of

the ϒð2SÞ and ϒð3SÞ states are constrained by μϒðnSÞ ¼
μϒð1SÞMϒðnSÞ=Mϒð1SÞ and σϒðnSÞ ¼ σϒð1SÞMϒðnSÞ=Mϒð1SÞ,
using their world-average mass (MϒðnSÞ) values [61].
The dominant physics background, arising from the
QED process γγ → μþμ−, is described by a third-order
polynomial.
The extracted Nϒð1SÞ yield includes contributions from

direct coherent and incoherent production, as well as feed-
down processes. The contamination from incoherent con-
tributions in the region pT < 0.3 GeV is estimated using a
template fit to the dimuon pT distributions within the
ϒð1SÞ mass window 9.2 < mμþμ− < 9.7 GeV. The pT

templates for coherent ϒð1SÞ, elastic incoherent ϒð1SÞ,
and feed-down contributions are obtained from the MC
simulations, while the QED background template is
derived from the sidebands at 8.8 < mμþμ− < 9.2 GeV
and 10.5 < mμþμ− < 10.6 GeV. The dissociative incoher-
ent ϒð1SÞ component is modeled using the empirical
parameterization developed by the H1 [62], and then
employed by the ALICE [22,26,57], ATLAS [28], and
CMS [25,29] Collaborations for heavy vector-meson pho-
toproduction, dN=dpT ∝ pT½1þ ðbpd=npdÞp2

T�−npd , where
bpd and npd are treated as free parameters in this analysis.
The normalizations of the coherent and incoherent (elastic
and dissociative) contributions are left as free parameters in
the fit. The total ϒð1SÞ yield can therefore be determined
independently from the pT fit and is used only as a
consistency check, giving a result compatible with the
baseline invariant mass extraction. The normalization of the
QED component is fixed to the yields determined from
the invariant mass fits. Owing to limited statistical precision
for the excited states, the ratio of feed-down to direct
coherent production (fD) in the coherent-dominated pT
region cannot be extracted from data, unlike in previous
charmonium measurements [22,25,26,29,57]. Instead, it is
estimated using MC simulations, with STARlight generating
the ϒ states and PYTHIA 8 (v303) modeling the decays of the
excited ϒ states to ϒð1SÞ. Including the full CMS detector
simulation, the resulting fD is approximately 6.4� 0.1%
and is used to constrain the feed-down contribution in the
pT fits. The systematic uncertainty in fD is estimated by
varying the branching fraction of the excited ϒð2SÞ state
decaying into the ground ϒð1SÞ state within the world-
average uncertainty [61]. The ratio of incoherent to
coherent contributions, fI, as determined by the fitting
procedure, is 8� 3% (13� 5%) at central (forward)
rapidities.
The raw yield of coherent ϒð1SÞ photoproduction is

obtained as

Ncoh
ϒð1SÞ ¼

Nϒð1SÞ
1þ fI þ fD

; ð1Þ

and the corresponding rapidity-differential cross section is
given by

FIG. 1. Invariant mass distribution of muon pairs with pT <
0.3 GeV (upper), where coherent production processes are dom-
inant, and the transverse momentum distribution of muon pairs in
the ϒð1SÞ mass window 9.2 < mμþμ− < 9.7 GeV (lower). The
total fit model and the individual fit components are shown as
separate curves and are described in the text. The goodness of fit is
quantified by χ2=d:o:f:, where d.o.f. denotes the number of degrees
of freedom. In themμþμ− fit, theϒð1SÞ signal is scaled for visibility
whereas the ϒð2SÞ and ϒð3SÞ components are not drawn.
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dσcohϒð1SÞ
dy

¼
Ncoh

ϒð1SÞ
ðAϵÞϒð1SÞBϒð1SÞ→μþμ−LintΔy

; ð2Þ

where A and ϵ denote the detector acceptance and total
reconstruction efficiency, respectively, Lint is the integrated
luminosity, and Δy is the rapidity bin width. The A and ϵ
values are evaluated using coherent ϒð1SÞ → μþμ− MC
samples generated with STARlight and processed through the
full CMS detector simulation. Residual data-to-simulation
differences in muon reconstruction efficiencies are cor-
rected using scale factors derived with the tag-and-probe
method [56,63]. The ϒð1SÞ mass peak in the coherent-
dominated pT < 0.3 GeV region has an observed local
significance of more than 5 standard deviations, evaluated
using the one-sided profile-likelihood-ratio method imple-
mented in the CMS Higgs Combine tool [64]. The excited-
state yields and the QED background normalization and
shape parameters are profiled in the likelihood. The impact
of signal-extraction modeling is assessed by considering
alternative signal and QED background functions, as well
as variations of the CB tail parameters and mass resolution,
as described below. While the combined contribution of the
excited states is constrained by the fit, the relative pop-
ulations of the ϒð2SÞ and ϒð3SÞ components cannot be
reliably resolved with the available statistical precision and
are therefore not individually interpreted.
Systematic uncertainties are evaluated by considering

variations from the nominal result for each given source.
The relative uncertainties in the integrated luminosity (Lint)
and the branching fraction (Bϒð1SÞ→μþμ−) are 1.7% [46] and
2% [61], respectively. The choice of the HF calorimeter
thresholds results in an uncertainty of 6% (2%), while the
efficiency corrections from the tag-and-probe method
introduce an uncertainty of 2% (3%), in the central
(forward) rapidity interval. The uncertainties related to
signal yield extraction are estimated by varying the signal
and background models in the fit, as follows: (i) using a CB
function combined with a Gaussian; (ii) modeling the QED
continuum with a fourth-order polynomial; (iii) leaving the
CB tail parameters free; (iv) varying the ϒð1SÞ width to
values obtained from peripheral PbPb collisions; and
(v) changing the sideband invariant mass ranges for the
QED pT template determination. The model dependence of
the pT templates was further assessed by propagating bin-
by-bin fluctuations of the data-based QED template and by
varying the Pb nuclear radius and skin thickness [25] used
in the coherent ϒð1SÞ template. These variations have a
negligible effect on the extracted coherent yield. The
combined uncertainty in the signal extraction is 8%
(19%) in the central (forward) rapidity interval. Adding
the individual sources in quadrature yields a total system-
atic uncertainty of 10% (20%).
Figure 2 shows the results in the central interval of jyj <

1.0 and the forward interval of 1.0 < jyj < 2.4. This
represents the first measurement of coherent ϒð1SÞ

photoproduction off a heavy nucleus. The results in the
two jyj intervals are consistent within uncertainties, indi-
cating no significant y dependence.
The data are compared with several theoretical models in

Fig. 2. The IA model [13,59] serves as the baseline
corresponding to the absence of nuclear modification
effects. The measured cross sections are significantly lower
than the IA predictions, indicating strong nuclear modifi-
cations in coherentϒð1SÞ photoproduction. To quantify the
suppression, the ratio of the measured cross sections to the
IA prediction, Sϒð1SÞ ¼ data=IA, is shown in the lower
panels of Fig. 2. The suppression factors are Sϒð1SÞ¼
0.25�0.06ðstatÞ�0.02ðsystÞ¼0.25�0.07ðtotÞ at jyj < 1.0

FIG. 2. Differential cross section for coherent ϒð1SÞ produc-
tion in the central jyj < 1.0 and forward 1.0 < jyj < 2.4 intervals.
The vertical error bars and boxes represent the statistical and
systematic uncertainties, respectively. The results are compared
with theoretical predictions from the impulse approximation (IA)
[13,59], STARlight [59], and LTA model with two nuclear
shadowing scenarios [14] in the top panel, and with three
NLO pQCD calculations using the nuclear PDFs EPS09 or
EPPS21, or a data-driven scaling constrained by γp data [14,44]
in the middle panel. The bottom panel shows the ratio of the data
to the IA prediction. The uncertainty in the ratio is experimental
only and does not include any uncertainty in the IA baseline.
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and Sϒð1SÞ ¼ 0.32� 0.09ðstatÞ � 0.06ðsystÞ ¼ 0.32�
0.11ðtotÞ at 1.0 < jyj < 2.4. The quoted uncertainties in
Sϒð1SÞ are experimental only and do not include any
uncertainty in the IA baseline. Notably, this suppression
is only slightly larger than those previously observed for the
coherent ϕ photoproduction [33], despite the probed μ2

differing by approximately two orders of magnitude. In
both cases, the suppression factors are defined with respect
to the same IA reference prescription.
A LO pQCD-based model emphasizing leading-twist

contributions (referred to as LTA) incorporates nuclear
shadowing effects arising from coherent multi-nucleon
interference and provides both strong (SS) and weak
shadowing (WS) scenarios, with the SS scenario maximiz-
ing the contributions from three or more nucleons during
the scattering process [14]. While both scenarios tend to
overpredict the data, they show better agreement at
1.0 < jyj < 2.4. The STARlight [59] model combines the
vector meson dominance picture [65] with the classical
Glauber formalism [66], considering only elastic inter-
actions, to describe the multiple scatterings of the photon-
fluctuated virtual vector meson with the nucleus. The
STARlight model significantly overestimates the data.
Rather than treating nuclear shadowing dynamically, the

NLO pQCD framework of Ref. [44] computes the cross
sections directly using nuclear PDFs (nPDFs) from global
fits, such as EPS09 [14] and EPPS21 [44]. For the latter, the
corresponding generalized parton distributions (GPDs) are
modeled via the Shuvaev transform [67,68] of nPDFs. The
predictions are labeled as “NLOpQCDþ EPS09” and
“NLOpQCDþ EPPS21-nGPDs” in Fig. 2. To reduce
uncertainties in the μ2 choice and the tendency of NLO
calculations to underpredict γp photoproduction, Ref. [44]
also provides an “NLOpQCDþ data-drivenðγpÞ” predic-
tion, in which the nuclear gluon suppression factor is
computed in NLO pQCD, while the ϒð1SÞ cross section in
γp interactions is constrained by HERA and LHC data
[45,69–72]. The NLO pQCDþ EPS09 and NLO pQCDþ
data-driven (γp) predictions tend to overestimate the data,
whereas the NLO pQCDþ EPPS21-nGPDs result is con-
sistent, although the large associated nPDF uncertainties
limit conclusions based on central values.
In symmetric UPCs, a ϒð1SÞ meson measured at a given

y receives contributions from two photon energies of
ðMϒð1SÞ=2Þe∓y. The rapidity sign is defined by the pho-
ton-emitting nucleus in the laboratory frame, which is
experimentally indistinguishable since either nucleus can
act as the photon emitter or the target [13,14,25].
Consequently, the measured dσ=dy corresponds to the
sum of two contributions at xð�Þ ¼ ðMϒð1SÞ=

ffiffiffiffiffiffiffiffi
sNN

p Þe�y

and WγNð�Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sNN

p
Mϒð1SÞe∓y

p
. At midrapidity

(jyj < 0.2), the two photon energies are almost equal,
allowing the averaged ϒð1SÞ production cross section
per γPb interaction to be obtained directly as

σ½γPb → ϒð1SÞPb� ¼ 1

2nγ

dσϒð1SÞ
dy

; ð3Þ

where nγ is the photon flux [59]. The extracted σ½γPb →
ϒð1SÞPb� corresponds to WγN ≈ 200 GeV and x ≈ 10−3.
Uncertainties in the determination of nγ , evaluated by
varying the Pb nuclear radius and skin thickness within
their uncertainties [25,29,73], amount to approximately 5%.
Nuclear effects on the gluon distribution in Pb are

quantified using the nuclear gluon suppression factor
RPb
g ðx; μ2Þ, defined in Ref. [30] as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σdata=σIA

p
. This

definition reflects the approximate LO relation between
the coherent photoproduction cross section and the square
of the gluon distribution, which makes it possible to
interpret RPb

g as a suppression factor at the level of the
gluon density. Using σ½γPb → ϒð1SÞPb�, RPb

g ðx; μ2Þ is
evaluated at x ≈ 10−3 and μ2 ¼ 22.4 GeV2, with μ ¼
Mϒð1SÞ=2 [61], and the extracted value is 0.55� 0.12
ðstatÞ � 0.02ðsystÞ ¼ 0.55� 0.12ðtotÞ, suggesting sub-
stantial nuclear gluon suppression. The quoted uncertainty
represents the experimental uncertainty in σ½γPb →
ϒð1SÞPb�, including the contribution from the photon flux,
and does not include any uncertainty in the IA baseline.
Figure 3 shows the extracted RPb

g ðx; μ2Þ and
σ½γPb → ϒð1SÞPb�, with the latter compared as a function
of WγN to various theoretical predictions. Since WγN

determines the effective target momentum fraction x
probed in the interaction, the σ½γPb → ϒð1SÞPb� depend-
ence on WγN provides direct sensitivity to the energy
evolution of nuclear gluon suppression. In addition to
the IA, STARlight, and NLO pQCDþ data-driven (γp)
calculations, three predictions based on the color glass
condensate (CGC) framework are also included [38,39,74].
The CGC framework provides an effective description of
high-density gluon fields at small x. The CGC prediction of
Refs. [38,39] is formulated in the dipole picture, in which
the photon fluctuates into a quark-antiquark dipole that
scatters from the target color field, with the small-x
evolution of the target encoded in Wilson lines evolved
from a McLerran-Venugopalan initial condition using the
Jalilian-Marian-Iancu-McLerran-Weigert-Leonidov-
Kovner (JIMWLK) evolution. The “IP BFKL” prediction
of Ref. [74] uses an impact-parameter-dependent dipole
framework in which the dipole amplitude evolves accord-
ing to the linear Balitsky-Fadin-Kuraev-Lipatov (BFKL)
equation [75–77], so the energy dependence is driven by
linear small-x evolution without the nonlinear saturation
term. The other prediction of Ref. [74] employs nonlinear
Balitsky-Kovchegov (BK) evolution [78,79], which incor-
porates gluon recombination in addition to gluon splitting
and dynamically generates saturation. This prediction is
labeled “IP BK,” and the parameters of its starting energy
scale are fixed by fitting the calculation to HERA data. The
similarity between the IP BFKL and IP BK predictions
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reflects the relatively large μ2 of coherent ϒð1SÞ photo-
production, for which nonlinear saturation effects are
expected to be modest. Both predictions are also compa-
rable to the NLO pQCD results and tend to overestimate the
measured cross section.
In summary, the first measurement of coherent ϒð1SÞ

meson photoproduction off a heavy nucleus is presented.
The analysis is performed by the CMS experiment using
ultraperipheral lead-lead collisions at a nucleon-nucleon
center-of-mass energy of 5.02 TeV. The cross section is
measured in two intervals of the ϒð1SÞ meson rapidity
within jyj < 2.4. In the jyj < 1 interval, the ratio of the
measured photoproduction cross section to a baseline
model that neglects nuclear effects is Sϒð1SÞ ¼ 0.25�
0.06ðstatÞ � 0.02ðsystÞ, thereby demonstrating nuclear
suppression in this process. The nuclear gluon distribution
is probed at a nucleon momentum fraction of order
x ∼ 10−3 and at the unprecedented scale μ2 ¼ 22.4 GeV2

for coherent vector-meson photoproduction. The ϒð1SÞ
production cross section per photon-lead interaction yields
a nuclear gluon suppression factor of RPb

g ðx ≈ 10−3; μ2 ¼
22.4 GeV2Þ ¼ 0.55� 0.12ðstatÞ � 0.02ðsystÞ at jyj < 0.2,
where the kinematics correspond to a photon-nucleon

center-of-mass energy of ≈200 GeV. The measured
Sϒð1SÞ remains remarkably close to the values observed
in coherent ϕ photoproduction, despite the probed μ2

differing by approximately two orders of magnitude.
Models incorporating nuclear shadowing or gluon satura-
tion effects tend to underestimate the degree of suppression.
Predictions based on next-to-leading-order perturbative
quantum chromodynamics calculations are consistent with
the data only once the large uncertainties in the poorly
constrained nuclear parton distribution functions are taken
into account. Future higher precision measurements of the
ϒ photoproduction at the LHC, as well as at planned
facilities such as the Electron Ion Collider, will enable
further exploration of mass-dependent nuclear suppression
in vector-meson photoproduction and a broaderWγN reach.
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FIG. 3. Coherent ϒð1SÞ photoproduction cross section per γPb
interaction as a function ofWγN. The vertical error bars and boxes
represent statistical and systematic uncertainties, respectively.
The data are compared with calculations based on the impulse
approximation (IA) [13,59], STARlight [59], the NLO pQCDþ
data-driven (γp) approach [44], and several models (named “IP
BFKL,” “IP BK” and “CGC”) within the CGC framework
[38,39,74]. The quoted uncertainty in RPb

g ðx; μ2Þ represents the
experimental uncertainty in σ½γPb → ϒð1SÞPb�, including the
contribution from the photon flux, and does not include any
uncertainty in the IA baseline.
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79bUniversità di Bologna, Bologna, Italy
80aINFN Sezione di Catania, Catania, Italy
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