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In ultrarelativistic heavy ion collisions at the LHC, each nucleus acts a sources of high-energy real
photons that can scatter off the opposing nucleus in ultraperipheral photonuclear (γ þ A) collisions. Hard
scattering processes initiated by the photons in such collisions provide a novel method for probing
nuclear parton distributions in a kinematic region not easily accessible to other measurements. ATLAS
has measured production of dijet and multijet final states in ultraperipheral Pbþ Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV using a dataset recorded in 2018 with an integrated luminosity of 1.72 nb−1.
Photonuclear final states are selected by requiring a rapidity gap in the photon direction; this selects
events where one of the outgoing nuclei remains intact. Jets are reconstructed using the anti-kt algorithm
with radius parameter, R ¼ 0.4. Triple-differential cross sections, unfolded for detector response, are
measured and presented using two sets of kinematic variables. The first set consists of the total
transverse momentum (HT), rapidity, and mass of the jet system. The second set uses HT and particle-
level nuclear and photon parton momentum fractions, xA and zγ , respectively. The results are compared
with leading-order perturbative QCD calculations of photonuclear jet production cross sections, where
all leading order predictions using existing fits fall below the data in the shadowing region. More
detailed theoretical comparisons will allow these results to strongly constrain nuclear parton
distributions, and these data provide results from the LHC directly comparable to early physics results
at the planned Electron-Ion Collider.
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I. INTRODUCTION

Studies of hard-scattering processes are a crucial com-
ponent of the ultrarelativistic heavy-ion physics programs
at the Large Hadron Collider (LHC) and the Relativistic
Heavy Ion Collider. Such studies will soon reach or, in
some cases, have already reached [1–3] a level of precision
where measurements are sensitive to nuclear modifications
of the parton distribution functions (PDFs) in the colliding
nuclei. The modification of nuclear PDFs (nPDFs), relative
to the PDFs of free nucleons, has been a subject of
extensive study since the first measurements by the
EMC experiment [4] decades ago. However, the scarcity
of available data has hindered the interpretation of the
observed nuclear modifications, limiting the precision of
global fits compared to those performed for the proton
PDFs (see, e.g. Refs. [5–8]).

Recent advances in the methods used to perform global
fits to nuclear PDFs [9] and extensions to next-to-next-to-
leading-order (NNLO) [10] in perturbative QCD, combined
with the inclusion [3,11–13] of recent data from the LHC
and experiments at Jefferson Laboratory, have significantly
reduced uncertainties in the extracted nuclear PDFs.
However, global fits remain limited by the precision and
kinematic coverage of experimental data, requiring new
measurements that cover a large kinematic range in Bjorken
x and Q2 for a heavy nucleus. Measurements are particu-
larly important in the region of intermediate Q2

(100 GeV2 ≲Q2 ≲ 104 GeV2), where data are lacking
for a wide range of Bjorken x values. Such data will be
provided by deep-inelastic scattering measurements at the
Electron-Ion Collider (EIC) [14] when it becomes opera-
tional, but those data will also have limited Q2 coverage at
low x (x≲ 10−2), where “shadowing,” the suppression of
the nuclear PDFs at low x, is observed [15].
Ultraperipheral nuclear collisions (UPCs) [16–18] pro-

vide an opportunity to study nuclear PDFs using quasireal
photons associated with one of the colliding nuclei as an
electromagnetic (EM) probe of the other nucleus [19–21].
In a leading-order (LO) description of such “photonuclear”
(γ þ A) collisions, the photon can either scatter directly off
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a quark or gluon from the opposing nucleus or fluctuate,
virtually, into a hadronic state that undergoes a hard-
scattering process with that nucleus. The two different
processes, often referred to as “direct” and “resolved,”
respectively, are illustrated in Fig. 1.
At the LHC, the incident nuclei generate large fluxes of

coherent photons with energies up to around 80 GeV. Thus,
it is possible to study hard-scattering processes with Q2

values well in excess of 100 GeV2 initiated by the photons.
Such photonuclear collisions typically produce two or more
detected jets that can be used to reconstruct the kinematics
of the incoming particles. Therefore, UPC photonuclear
production of dijet or multijet final states in Pbþ Pb
collisions provides a direct probe of lead nPDFs. These
measurements cover a unique range of parton kinematics
due to the photonuclear collision system, allowing them to
probe nPDFs at higher Q2 than fixed-target experiments,
over a broad range in x. These UPC measurements are
complementary to other measurements [22,23] at the LHC
in pþ Pb collisions that also provide useful constraints on
the lead PDFs. Since pþ Pb collisions have a larger
underlying event and more energetic hadronic probe, they
have wider coverage in Bjorken x but do not extend as low
in Q2. The kinematic coverage from photonuclear proc-
esses provides access to both the shadowing region at low x
and the antishadowing region, where the nPDFs rise at
intermediate x (10−2 ≲ x≲ 10−1). The use of an EM probe
in UPCs also reduces the theoretical uncertainty associated
with hadronic physics when extracting nPDFs.
The cross section for γ þ A processes and the final-state

jet kinematics depend crucially on the photon flux provided
by the incident nuclei. Thus, the recent incorporation of
nuclear photon fluxes [24] into the PYTHIA8 [25] event
generator has greatly facilitated UPC measurements at the
LHC by allowing for more accurate modeling of the
relevant initial state. Recent measurements, such as those

of dilepton production in ultraperipheral γγ scattering
[26–29], have provided stringent tests of the current theo-
retical understanding of the flux generated by a nucleus.
However, there remain some open issues [30–32] associated
with the flux calculation, particularly involving the treatment
of higher-energy photons produced inside the nucleus, which
are relevant for measuring photonuclear jet production.
Additional uncertainty on the photon energy modeling

arises from sensitivity to the photon fragmentation func-
tions [33] introduced by resolved processes. To reduce the
impact of photon flux and fragmentation uncertainties,
measurements of photoproduction cross sections should be
performed in intervals of photon energy. Resolved proc-
esses, however, do not allow for a straightforward extrac-
tion of the photon energy, so the hard-scattering kinematics
are best characterized by the quantity zγ ≡ yγxγ, where yγ is
the fractional photon momentum, yγ ≡ Eγ=ð ffiffiffiffiffiffiffiffi

sNN
p

=2Þ. xγ is
the fraction of the photon’s momentum carried by the
parton entering the hard scattering, where xγ ¼ 1 for direct
processes. These variables are further described and
defined in terms of final-state jets in Sec. IV C.
UPC photonuclear scattering can be distinguished from

non-UPC hard-scattering processes by requiring the pho-
ton-emitting nucleus to remain intact. Experimentally, this
is accomplished by using the zero-degree calorimeters
(ZDCs), which detect the beam-energy neutrons emitted
in most hadronic nuclear interactions. The condition that no
neutrons (0n) are observed in one direction, combined with
a requirement for gaps in the particle rapidity distribution
on that side of the event, is effective at identifying photo-
nuclear collisions [34]. A requirement that at least one
neutron (Xn) is observed in the other direction distin-
guishes photonuclear events from, for example, γγ scatter-
ing processes, and suppresses these backgrounds.
Although the emission of a coherent photon by an

entire nucleus typically does not lead to nuclear breakup,

FIG. 1. Diagrams representing different types of leading-order contributions to dijet production in high-energy photon-nucleus
collisions. Diagram (a) represents the direct contribution in which the photon itself participates in the hard scattering. Diagram
(b) represents the “resolved” contribution in which a virtual excitation of the photon, into a state involving at least a qq̄ pair and possibly
multiple gluons, participates in the hard scattering. The black circles represent hadronic processes where hard partons are contributed
from the initial state. Additional hadronic particle production occurs in the final state resulting from the breakup of the struck nucleus
(X, X1) or the resolved photon remnant (X2).
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it is well known [35–37] that additional soft EM interactions
between passing nuclei—so-called Coulomb excitations—
can cause the photoemitting nucleus to break up. This
process typically occurs via the excitation of the nucleus
to a giant dipole resonance [38], which subsequently decays,
emitting several neutrons. The probability for such neutron
emission is sensitive to the inter-nuclear impact parameter
[39]. The sampled impact parameters are smaller for γ þ A
processes producing jets than, for example, γγ production of
dileptons because of the higher required photon energies.
Consequently, it is expected that nuclear breakup proba-
bilities will be larger in γ þ A processes than, for example,
γγ → μþμ−. To reduce the sensitivity to theoretical uncer-
tainties in modeling nuclear breakup, measurements of the
breakup probability as a function of kinematic variables, in
particular zγ, is essential.
This paper presents measurements of dijet and multijet

cross sections from photoproduction processes in ultra-
peripheral Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, using
data recorded in 2018 with the ATLAS detector at the LHC,
corresponding to an integrated luminosity of 1.72 nb−1.
The jets produced in γ þ A collisions are reconstructed
using the anti-kt algorithm [40,41] with a radius parameter
R ¼ 0.4. Triple-differential cross sections, unfolded for
detector response, are measured using two sets of kinematic
variables. The first set is based on the kinematics of the jet
system: the jet system rapidity, yjets, the jet system mass,
mjets, and HT, the scalar sum of the transverse momenta
(pT) of the jets. The second set of kinematic variables more
directly characterizes the hard-scattering process and par-
ton kinematics. It consists of zγ , the parton momentum
fraction in the photon direction; xA, the nuclear parton
momentum fraction; and HT, which can be viewed as a
proxy for the momentum transfer, Q. Each of these
variables is defined in coordinates oriented with respect
to the direction (referred to hereafter as “photon-going”) of
the photon-emitting nucleus, where the positive z axis
points along the momentum direction of this nucleus.
Table I lists the ranges covered by the measurement for
each of the quantities in the two different sets of variables.
The same ranges are used for both the reconstructed and
unfolded results. For the differential cross sections that are
the primary result of this measurement, between 8 and 12

intervals are defined covering each of the kinematic
variables using either uniform linear or logarithmic divi-
sions, as indicated in the table.
The remainder of this paper is structured as follows:

Sec. II describes the ATLAS detector; Sec. III details the
data and simulated event samples used in the measurement;
Sec. IV discusses the reconstruction of physics objects and
event selections applied in the analysis; Sec. V presents the
procedure for performing the nominal analysis and cross
section measurement; Sec. VI discusses systematic uncer-
tainties; Sec. VII describes the measurement of nuclear
breakup effects; Sec. VIII presents the results; and Sec. IX
summarizes the paper and presents conclusions.

II. THE ATLAS DETECTOR

The ATLAS detector [42] at the LHC covers nearly the
entire solid angle around the collision point.1 It consists of
an inner tracking detector surrounded by a thin super-
conducting solenoid, electromagnetic and hadronic calo-
rimeters, and a muon spectrometer incorporating three large
superconducting air-core toroidal magnets.
The inner-detector system (ID) is immersed in a 2 T

axialmagnetic field andprovides charged-particle tracking in
the range jηj < 2.5. The high-granularity silicon pixel
detector covers the vertex region and typically provides four
measurements per track, the first hit generally being in the
insertable B-layer installed before Run 2 [43,44]. It is
followed by the semiconductor tracker, which usually
provides eight measurements per track. These silicon detec-
tors are complemented by the transition radiation tracker,
which enables radially extended track reconstruction up to
jηj ¼ 2.0. The transition radiation tracker also provides
electron identification information based on the fraction of

TABLE I. Ranges in the two sets of kinematic variables covered by the measurement and the intervals used in each variable for the
measured cross sections.

Kinematic set Variable Minimum value Maximum value Interval type Number of intervals

ðyjets; mjets; HTÞ yjets −4 2 linear 12
mjets 35 GeV 335 GeV log 8
HT 35 GeV 275 GeV log 8

ðxA; zγ; HTÞ xA 2.0 × 10−3 0.5 log 10
zγ 3.7 × 10−4 0.027 log 7
HT 35 GeV 275 GeV log 8

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the LHC ring, and the y axis points upwards. Polar
coordinates ðr;ϕÞ are used in the transverse plane, ϕ being the
azimuthal angle around the z axis. The pseudorapidity is defined
in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ and is equal to
the rapidity y ¼ 1

2
lnðEþpzc

E−pzc
Þ in the relativistic limit. Angular

distance is measured in units of ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔyÞ2 þ ðΔϕÞ2

p
.
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hits (typically 30 in total) above a higher energy-deposit
threshold corresponding to transition radiation.
The calorimeter system covers the pseudorapidity range

jηj < 4.9. Within the region jηj < 3.2, electromagnetic
calorimetry is provided by barrel and end cap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering jηj < 1.8 to
correct for energy loss in material upstream of the calo-
rimeters. Hadronic calorimetry is provided by the steel/
scintillator-tile calorimeter, segmented into three barrel
structures within jηj < 1.7, and two copper/LAr hadronic
end cap calorimeters. The solid angle coverage is com-
pleted with forward copper/LAr and tungsten/LAr calo-
rimeter modules optimized for electromagnetic and
hadronic energy measurements, respectively.
The muon spectrometer comprises separate trigger and

high-precision tracking chambers measuring the deflection
of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of
the detector. Three layers of precision chambers, each
consisting of layers of monitored drift tubes, cover the
region jηj < 2.7, complemented by cathode-strip chambers
in the forward region, where the background is highest. The
muon trigger system covers the range jηj < 2.4 with
resistive-plate chambers in the barrel, and thin-gap cham-
bers in the end cap regions.
The luminosity is measured mainly by the LUCID–2

[45] detector that records Cherenkov light produced in the
quartz windows of photomultipliers located close to the
beam pipe.
Two ZDCs, which measure neutrons emitted at small

rapidity separation from the incident nuclei, are used for
triggering and for offline event selection. The ZDCs are
located symmetrically at a distance of �140 m from the
nominal IP and cover jηj > 8.3 along the beam axis. Each
calorimeter consists of fourmodules, each containing slightly
more than one interaction length of tungsten absorber.
Events are selected by the first-level (L1) trigger system

implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-
level trigger (HLT) [46]. The first-level trigger accepts
events from the 40 MHz bunch crossings at a rate below
100 kHz, which the high-level trigger further reduces in
order to record complete events to disk at about 1 kHz.
A software suite [47] is used in data simulation, in the

reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition
systems of the experiment.

III. DATA AND SIMULATED EVENT SAMPLES

A. Data sample

The measurements presented in this paper were per-
formed using 1.72 nb−1 of Pbþ Pb collision data recorded

by ATLAS during 2018. During that data-taking period, the
typical number of hadronic Pbþ Pb collisions per bunch
crossing was μ≲ 5 × 10−3. Although the likelihood of
multiple hadronic collisions in a single bunch crossing is
small, pileup may be induced by EM dissociation processes
that have much larger cross sections [48–50]. This form of
EM pileup is accounted for using methods described in
Sec. VA.
The primary triggers used for the measurement involve a

combination of 0nXn and transverse energy requirements
at L1 and a requirement of at least one jet above a given pT
threshold in the HLT. In particular, the L1 triggers required
that the total transverse energy measured in the ATLAS
calorimeters,

P
ET, satisfies 5 <

P
ET < 200 GeV. The

HLT jet triggers are based on anti-kt jets with radius R ¼
0.4 reconstructed using topological clusters [51] formed
from energy deposits in the calorimeter. These triggers
were implemented with nominal jet-pT thresholds of 10
and 20 GeV. For 40% of the sampled luminosity, the jet
triggers were applied only over the pseudorapidity range
jηjetj < 3.2, while for the rest of the data jets were triggered
over the range jηjetj < 4.9. A separate set of events
collected using only the L1 0nXn and

P
ET conditions

is used to evaluate the HLT jet-trigger efficiency.
In order to measure γ þ A collisions in which the photon-

emitting nucleus breaks up due to additional soft-photon
exchanges, a separate sample ofXnXn events was recorded.
This sample used two triggers that require neutrons in both
ZDCs. One of these selects events with amaximum

P
ET of

50 GeV and at least one track in the ID, while the other
selects events with a minimum

P
ET of 50 GeV. The

sampled luminosities were 33.2 μb−1 and 32.7 μb−1 for the
first and second trigger, respectively. A sample ofminimum-
bias 5.02 TeV pp collisions is also used for background
studies. This pp data sample was collected in 2017 using a
trigger that required at least one track in the ID and collected
2.66 nb−1 of integrated luminosity.

B. Monte Carlo simulated samples

The primary Monte Carlo (MC) sample used for this
analysis was created using the PYTHIA8 event generator,
which can simulate photon-induced hard-scattering proc-
esses [52] and allows a user-defined photon flux, Fγ=A, to
be specified. This sample was produced using the photon
flux associated with a classical point charge integrated over
the transverse dimensions above a minimum cutoff, bmin ≈
6.62 fm [24], the nominal radius of a lead nucleus, which is
given in Eq. (1) by the equivalent photon approximation:

Fγ=AðEγÞ ¼
2

π

αZ2

β2B

1

Eγ

�
uRK1ðuRÞK0ðuRÞ

−
u2Rβ

2
B

2
ðK2

1ðuRÞ − K2
0ðuRÞÞ

�
: ð1Þ
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Here uR ¼ Eγbmin=γBβBℏc, α is the fine-structure con-
stant, Eγ is the emitted photon energy, and βB and γB are the
Lorentz boost parameters associated with the photon-
emitting nucleus. K0 and K1 are modified Bessel functions
of the second kind. This description of the flux, however, is
incomplete because it neglects effects arising from the
nuclear size. First, the hard cutoff at the nuclear radius
imperfectly approximates the requirement that no hadronic
interactions occur in the collision. This requirement can be
simulated with the STARLIGHT event generator [53], which
is used in this analysis to reweight the photon spectrum in
the PYTHIA8 sample. Additionally, Eq. (1) neglects the size
of the struck nucleus, which is accounted for by modeling
the nuclear thickness with a Woods-Saxon distribution [53]
and integrating over the full range of impact parameters.
The corrected and uncorrected photon fluxes are compared
as a function of yγ in Fig. 2, which demonstrates that these
effects are small for collisions with small yγ (large b) but
important for large yγ (small b), since collisions with
smaller impact parameters are more sensitive to details
of the collision geometry. The bottom panel of Fig. 2 shows
the ratio of the corrected and uncorrected fluxes, which is
the combined reweighting factor applied to the PYTHIA8

sample as a function of yγ .
The simulated signal events include both direct and

resolved photon processes; the latter require additional
modeling using the CJKL photon PDF [33] set. The events
were generated using the nCTEQ15 [54] nuclear parton
distribution functions and the A14 set of tuned parameters
(“tune”) [55]. Final-state stable particles, defined as those
with cτ > 10 mm, were then passed to a GEANT4-based

simulation of the ATLAS detector [56,57]. Samples with
different selections on the hard-scattering kinematics were
generated to ensure full coverage of the kinematic range
considered in this measurement. Samples with equal
numbers of events were generated for photons propagating
in the positive and negative z directions.
Two other samples of events were generated to simulate

potential backgrounds in the measurement. A set of
diffractive photoproduction events was generated using
PYTHIA8, but with a modified pomeron flux to account
for coherent emission by the Pb nuclei, which yields
kinematics similar to those of coherent photon emission.
Since the sample of peripheral Pbþ Pb events that satisfy
the event-selection criteria is overwhelmingly dominated
(> 99%) by events with a single binary nucleon-nucleon
collision, a sample of pp collisions was generated using
PYTHIA8, requiring a hard-scattering process producing
jets with pT > 15 GeV, to simulate this possible hadronic
background.

IV. EVENT RECONSTRUCTION AND SELECTION

A. Event reconstruction

Charged particle tracks in the ID are reconstructed over
the interval jηtrj < 2.5 using the same methods and selec-
tions as applied in minimum-bias pp measurements [58].
Topological clusters are reconstructed over the interval
jηclj < 4.9 from energy deposits in the calorimeter [51].
The jets used for this analysis are obtained from particle-

flow inputs derived from tracks and clusters as described in
Ref. [59]. They are reconstructed using the anti-kt algo-
rithm with radius parameter R ¼ 0.4. The jets are calibrated
to the hadronic scale using scale factors obtained from MC
simulations specifically derived for low-μpp data. A
separate MC-based correction derived from the PYTHIA8

photonuclear sample is applied to account for differences in
the hard-scattering physics and kinematics between γ þ A
and pp events. Separate in situ energy scale corrections
[60] are applied that account for differences in the jet
response between data and simulation. These corrections
are derived in low-μ 13 TeV pp data using jets recoiling
against another object produced in the collision, such as
another jet in a different η region or a Z boson. Details on
the calibration are provided in Appendix A. The calibra-
tions are derived such that they are valid for calibrated jet
pT values pjet

T > 15 GeV; thus, only jets that satisfy this
condition are included in the analysis. To ensure that the
jets are fully contained within the acceptance of the
detector, jets are also required to satisfy jηjetj < 4.4.
The total energies of neutrons within the acceptance of

the ZDCs are obtained by summing individual energy
measurements from the four longitudinal segments of each
calorimeter. The energy scale is calibrated using the single
neutron peak (E ¼ 2.51 TeV), for which an energy reso-
lution of 17% is obtained. The primary analysis requires
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FIG. 2. The photon flux generated coherently by a single
nucleus in equivalent photon approximation (EPA) with a hard
cutoff at the nuclear radius (red dashed), compared to a photon
flux fully corrected using the STARLIGHT [53] event generator
(solid black). The ratio shown in the bottom panel is used to
correct the PYTHIA8 MC sample used in this analysis.
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events to satisfy a 0nXn requirement, which is imposed by
requiring the energy in one of the ZDCs—the “0n”
direction—to be less than 1 TeV, while the energy in the
other—the “Xn” direction—is greater than 1 TeV. The
photon is assumed to be traveling in the 0n direction and
the struck nucleus in the Xn direction. The distribution of
ZDC energies on the struck-nucleus side is shown in Fig. 3
for events that satisfy the trigger requirements and all the
event selections described in Sec. IV D except the ZDC
energy requirement on the Xn side. It is observed that the
single-neutron peak has a tail to small energies resulting
from showers that start deep in the calorimeter and are not
fully contained. The fraction of valid Xn events that would
fall below the Xn energy threshold, indicated in the figure
with the dashed line, is estimated to be ≲0.1%.
Another characteristic signature of photoproduction

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

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

quantity is denoted
P

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

P
Δη and is used to reject γγ

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

B. Jet performance

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

T =ptrue
T , are built in intervals of ptrue

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

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

corrections small.
The variation of the resolution with pjet

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

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

P
γ Δη are

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

P
γ Δη calculation. All hatched regions contribute to

P
Δη.
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C. Jet system kinematic variables

This analysis in this paper relies on the measurement of
the kinematics of the outgoing system of N jets resulting
from hard-scattering processes initiated by photons. The
scalar transverse momentum sum, HT, is defined as

HT ≡
X
i

pTi; ð2Þ

while the N-jet system mass and rapidity are calculated as

mjets ≡
��X

i
Ei

�
2

−
����
X

i
p⃗i

����
2
�
1=2

; ð3Þ

yjets ≡ 1

2
ln

�P
iEi þ

P
ip

�
z iP

iEi −
P

ip
�
z i

�
: ð4Þ

In the equations above, i runs over all measured jets in an
event that satisfy pjet

T > 15 GeV and jηjetj < 4.4. E and p⃗
represent jet energies and momentum vectors, respectively,
and pz represents the longitudinal component of the jet
momentum. The signs of p�

z are chosen to be positive in the
photon-going direction. As a result, the yjets values are
signed such that negative (positive) yjets values correspond
to the jet system being shifted towards the nuclear (photon)
direction.
Neglecting effects from initial-state parton showers of

incoming quarks and gluons and final-state particles not
included in the jet reconstruction, the quantities,

zγ ≡ mjetsffiffiffiffiffiffiffiffi
sNN

p eþyjets ; ð5Þ

xA ≡ mjetsffiffiffiffiffiffiffiffi
sNN

p e−yjets ; ð6Þ

correspond to fractions of the beam momentum carried by
the partons in the emitted photon and struck nucleus,
respectively. More generally, these quantities provide
physical observables that are strongly correlated with the
initial parton kinematics. In direct processes, in which the
photon participates directly in the hard scattering, zγ
corresponds to the deep-inelastic scattering variable y.

D. Event selection

Events used in the measurement were recorded during
stable running conditions of the LHC and meet standard
data-quality criteria [62]. For the nominal analysis, events
are must satisfy the 0nXn condition and contain at least two
jets with pjet

T > 15 GeV and jηjetj < 4.4. For events that
have at least one jet within the acceptance of the ID, a
reconstructed primary vertex [63] is required. To reduce the
contribution of events where jets produced in the hard
scattering fail event selections or where the hadronic
underlying event contributes additional jets, the mass of
the jet system must satisfy 0.9HT < mjets < 4HT. This
selection was optimized by studying the kinematic edges
in xA and zγ as a function of HT and choosing boundaries
that approximately match those introduced by single-jet
requirements.
To suppress hadronic Pbþ Pb interactions that pass the

0nXn requirement, the sum of gaps in the photon-going
direction,

P
γ Δη, must satisfy

P
γ Δη > 2.5. To suppress

jet production from γγ or diffractive photoproduction
processes, an edge gap requirement is imposed in the
nuclear-going direction: ΔηA < 3. To suppress background
from γ þ γ → eþe− pairs, the total sum of gaps,

P
Δη, is

required to be less than 9. Additional event cleaning
requirements are applied to remove backgrounds [64] that
result from upstream interactions of lead ions, from beam-
halo muons passing through the detector, or from events
whose calorimeter measurements are significantly distorted
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respectively.
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by collisions occurring in bunch crossings preceding the
crossing of interest. Backgrounds from upstream inter-
actions are removed by rejecting events with more than one
vertex, and by requiring consistency between the numbers
of tracks and topoclusters within the angular acceptance of
the ID. Beam-halo muon backgrounds are removed via
vetoes on jets measured at large time delays relative to the
bunch crossing. Events distorted by prior collisions are
removed by rejecting events where significant regions of
the calorimeter record negative energy signals, which are
characteristic of this distorted response.
The jet kinematic and event-level selections applied in

the analysis are summarized in Table II. Events passing
these selections are referred to in the remainder of this
paper as UPC γ þ A → jets events. While events are
selected using a gap requirement, an efficiency correction
is applied for this selection, so the gap requirement is not
part of the fiducial definition and should not be applied for
theoretical comparisons to the measured cross sections.
The impact of the gap selection on the analysis is

demonstrated in Fig. 6, which shows the correlation
between the multiplicity of charged tracks, Nch, andP

γ Δη. Nch is defined as the number of reconstructed

tracks with jηtrj < 2.5 and ptr
T > 0.2 GeV. In particular,

events with small or zero
P

γ Δη have a very broad Nch

distribution as these events result primarily from hadronic
interactions in which the particle production spans the full
ID acceptance. In contrast, events with larger

P
γ Δη have

much smaller multiplicities (even after accounting for the
reduced geometrical acceptance), which is consistent with
the expected behavior for photonuclear interactions, where
hadronic production is primarily backward and partially or
fully outside the acceptance of the ID.

V. ANALYSIS

This section presents the methods used to derive UPC
γ þ A → jets cross sections from the analysis components
described in Secs. III and IV. First, the inefficiencies arising
from the application of sample selection requirements are
corrected for. Then, residual background contamination is
constrained via detailed studies of the rapidity gap dis-
tributions, and the resulting jet kinematics are validated by
comparison with expectations from MC simulations.
Finally, three-dimensional cross section distributions are
produced in two sets of jet kinematic variables and
unfolded to correct for reconstruction effects.

A. Efficiency corrections

Multiple corrections are applied to the data to account for
inefficiencies arising from triggers, gap requirements, and
EM pileup. Each of these sources is described below. For
other selections described in Sec. IV D but not listed in this
section, including the

P
Δη < 9 requirement and event

cleaning selections, the associated efficiency corrections
are considered to be negligible since they remove no events
from the MC sample.
Potential trigger inefficiencies arise at L1 from the ZDC

0nXn and minimum
P

ET requirements. Studies of the
ZDC trigger indicate it has an inefficiency of less than

TABLE II. Jet and event selections applied in the measurement.
The event cleaning requirements are discussed in Sec. IV D. E0n
and EXn are the ZDC energies on either side of the ATLAS
detector, which determine the photon-going and nucleus-going
directions.

Jet Event

pjet
T > 15 GeV ZDC 0nXn: E0n < 1 TeV and EXn > 1 TeV

jηjetj < 4.4 Njet ≥ 2

0.9HT < mjets < 4HTP
γ Δη > 2.5, ΔηA < 3, and

P
Δη < 9
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FIG. 6. (a) The distribution of charged track multiplicity, Nch, versus the sum of gaps in the photon-going direction,
P

γ Δη. (b) The
distribution of Nch for events passing and failing the

P
γ Δη > 2.5 requirement. The distributions are obtained by applying all event

selections detailed in Table II except the requirement on
P

γ Δη.
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0.1%, so no correction is required. The efficiency due to the
L1

P
ET > 5 GeV requirement, εL1trig, depends on HT

because the jets produced in the γ þ A processes contribute
significantly to

P
ET. The inefficiency arises because the

calculation of
P

ET used in the trigger can differ sub-
stantially from the offline values at low total event energy.
These differences yield substantially smaller

P
ET values

in the trigger, which results in inefficiency due to theP
ET > 5 GeV requirement. This inefficiency is a few

percent forHT values less than 40 GeV, less than 1% forHT
values above 40 GeV, and negligible for HT > 50 GeV.
Inefficiencies in the HLT jet trigger arise from an initial

filtering step performed in the HLT jet reconstruction.
These inefficiencies are only significant near midrapidity
due to differences in the energy scale between the particle-
flow jets used in the analysis and the calorimeter jets used
in the trigger. Single-jet efficiencies, εjettrig, are evaluated
separately for the 10 and 20 GeV thresholds as a function of
jηjetj and pjet

T , and a per-event jet trigger efficiency
correction is obtained using

Cjet
trig ¼

1

1 −
Q

ið1 − εjettrigiÞ
; ð7Þ

where i runs over the jets—usually two—in the final state.
Since the jet trigger requires only a single jet, the event-
level efficiency is much higher than the single-jet
efficiency, due to the possibility of any jet satisfying the
trigger requirement. The inefficiency is about 10% for HT
values less than 35 GeV, less than 2% for HT values above
35 GeV, and negligible for HT > 40 GeV. No trigger
efficiency correction is applied to the MC simulation
sample since a trigger is not required to select its events.
The event selection efficiency, εevt, is computed as a

function of the complete set of particle-level kinematic
variables used to characterize the final state, either
ðyjets; mjets; HTÞ or ðxA; zγ; HTÞ. The efficiency is evaluated
using the portion of the MC γ þ A sample that falls within
the UPC γ þ A → jets acceptance defined in the previous
section, and is separately tabulated for each of the kin-
ematic intervals defined in Table I. The event selection
efficiencies, εevt, account for losses of events due to the
application of both nonphysics background requirements
and gap requirements. The migration from truth to recon-
structed values in the measured kinematic variables is
corrected as part of the unfolding procedure and does
not contribute to εevt. It is important to note that, although
events are selected using gap requirements, they are
corrected to a fiducial cross section definition without
any gap selection. Thus, when comparing the results of this
measurement to theoretical calculations, the theoretical
comparison should not have any gap selections applied.
Because the non-physics background requirements cause

negligible loss of MC γ þ A events, εevt mainly accounts
for losses due to the gap selections, and these are dominated

by the
P

γ Δη > 2.5 requirement. For events lying well
within the kinematic acceptance, the losses due to the
gap selections arise primarily from detector response
and imperfect correspondence between particle-level and
reconstructed

P
γ Δη or ΔηA values. However, near the

edge of the fiducial acceptance, the event selection effi-
ciency also accounts for the loss of some particle-level
events within the fiducial acceptance. As a result, the
efficiency correction has the largest impact near the
acceptance edge or for large values of zγ and yjets where
the jets restrict the range of

P
γ Δη. The efficiency

correction is typically 10–20% in the highest zγ interval
measured, 0.015 < zγ < 0.027. In the next-highest interval,
the correction is typically 5–10% and is less than 1% in
other zγ intervals.
The 0nXn requirement introduces an inefficiency due to

the presence of EM pileup where independent dissociative
Pbþ Pb collisions, occurring in the same bunch crossing as
an event of interest, produce neutrons in the photon-going
direction of the γ þ A → jets event. The rate at which these
processes occur is estimated using the single EM dissoci-
ation cross section, which is used to calculate the per-event
probability that an event is lost due to EM pileup following
the procedure used in Refs. [26,27]. The correction, CEM,
averaged over the full dataset, is 1.070� 0.003 and is
independent of the γ þ A → jets kinematics. It is evaluated
and applied event-by-event using the luminosity for the
associated bunch crossing measured by ATLAS [65].
The corrections described above are combined into a

single correction per event,

C ¼ 1

εL1trigεevt
× Cjet

trig × CEM; ð8Þ

which is applied to every event included in the analysis,
resulting in a corrected yield, Ncorr, which is used to
populate reconstructed kinematic distributions prior to
unfolding.

B. Backgrounds

Backgrounds to this measurement arise primarily from
hadronic or photon-induced processes that mimic some part
of the signature of inclusive γ þ A hard-scattering events. A
key element of backgrounds arising from photon-induced
processes is independent nuclear breakup via Coulomb
excitation (Breakup), which can cause processes that would
otherwise have a 0n0n topology to satisfy the 0nXn
selection. Additionally, the possibility is considered that
the struck nucleus may not always emit neutrons (Non–
Breakup). Either of these two possibilities, Breakup or
Non–Breakup, allow for contamination to occur between
neutron topologies, causing processes that do not typically
have a 0nXn topology to contribute backgrounds to this
measurement. Three such physical processes provide
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backgrounds sufficiently large to require a dedicated veto:
hadronic Pbþ Pb collisions, γ þ IP → jets (diffractive
photoproduction of jets), and 0n0n γ þ A → jets.
Backgrounds resulting from these processes cannot be
fully removed via ZDC selections, so rapidity gap selec-
tions are employed to reject them. Figures 7, 8, and 9
illustrate the efficacy of these selections.
The gap requirement in the photon-going direction

(
P

γ Δη > 2.5) mitigates the most prominent background,
hadronic Pbþ Pb collisions with an Non–Breakup con-
dition. This background yields the steeply falling distribu-
tion at small

P
γ Δη visible in Fig. 7, and it is modeled

phenomenologically using a template distribution derived
from the pp data and PYTHIA8 MC simulation. This
description is expected to be imperfect due to the different
ratios of hadronic and diffractive processes in pp and
Pbþ Pb collisons. However, the measurement itself is in-
sensitive to the modeling of this background given the low
rate of contamination shown in Fig. 9. Since the background
contamination rates are so small, no subtraction is applied
and no additional uncertainty is considered on the meas-
urement resulting from imperfections in these template fits.
The gap requirement in the nucleus-going direction

(ΔηA < 3) is employed to remove backgrounds resulting

pythia 8 
pythia 8 

FIG. 7. Template fits of the
P

γ Δη distributions for several bins in zγ , with nominal analysis selections applied. The PYTHIA8 Direct
and Resolved MC samples provide the two contributions to the signal, and the hadronic background template is derived from a fitted
combination of MC simulation and pp data. The bottom panel shows the ratio of the template fit results to the data in open markers and
the ratio to each template component as the hatched bands. The orange dashed line denotes the nominal gap selection.

FIG. 8. Template fits of the ΔηA distributions for several bins in zγ , with nominal analysis selections applied. The PYTHIA8 MC sample
corresponds to photonuclear MC sample, the γ þ IP sample corresponds to the coherent photodiffractive MC sample, and the Reverse
γ þ A MC sample corresponds to γ þ A MC sample with its coordinate system inverted. The bottom panel shows the ratio of the
template fit results to the data in open markers and the ratio to each template component as the hatched bands. The orange dashed line
denotes the nominal gap selection.
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from two sources: γ þ IP → jets and Non–Breakup
γ þ A → jets, both of which may contaminate the 0nXn
sample in the Breakup case. The γ þ IP → jets background
is simulated using a PYTHIA8 MC sample where the
pomerons are emitted coherently by the entire nucleus,
softening the pomeron energy spectrum. For the Non–
Breakup γ þ A → jets background, the contamination is
only important when uncorrelated nuclear breakup causes
the photon-going direction to be misidentified by the
ZDCs, manifesting as “reverse” γ þ A → jets events.
These backgrounds are modeled in template fits using a
PYTHIA8 γ þ A → jets sample, with its coordinate system
inverted such that the photon-emitting nucleus moves in the
negative direction. A template fit to the ΔηA distribution is
shown in Fig. 8, demonstrating the good description these
background models provide for the observed distributions.
Figure 9 shows the background contamination at different
zγ values for several edge gap requirements, including the
region used for the event selection (ΔηA < 3 andP

γ Δη > 2.5). This figure demonstrates that the rate of
background contamination is small enough to be neglected,
so no subtraction is applied to the data. Studies of Non–
Breakup γ þ A → jets processes in a separate 0n0n sample
indicate that they occur at a rate of about 4% of the 0nXn
case. Since this rate is small compared to the total
uncertainties on the measurement described in Sec. VI,
no attempt is made to correct for it.
The different shapes of the direct and resolved photon

processes seen in Fig. 7 can be used in a template fit to
extract the rates of these processes in data as a function of
zγ, thereby allowing a comparison with the predictions
from the PYTHIA8 MC. The shapes of the

P
γ Δη templates

derived from PYTHIA8 are from LO modeling and could
differ from data or from next-to-leading-order (NLO)

calculations. However, the difference between the LO
and NLO cross sections may be primarily a normalization
effect. The good agreement between data and the template
fits suggests that this may be the case. The template fit then
provides useful input on the accuracy of PYTHIA8 in
predicting the relative contributions from direct and
resolved processes. Figure 10 shows the fraction of direct
γ þ A processes obtained from the

P
γ Δη template fits. In

general, the data show a slightly smaller fraction of direct
processes than PYTHIA8 at small zγ and a slightly higher
fraction at larger zγ, with better agreement at large HT.

C. Data-MC comparison

With the application of the corrections described above
and a data-driven correction for breakup of the photon-
emitting nucleus (see Sec. VII), distributions of γ þ A
events from the data can be compared to the same
distributions obtained from the PYTHIA8 MC sample.
This is done by scaling differential cross sections obtained
from PYTHIA8 by the integrated luminosity used in the
measurement and comparing the result to the differential
distribution of Ncorr, the corrected yields, in the data. The
gap selections used in the analysis are not applied to the
PYTHIA8 sample since the data are already corrected for
effects described in Sec. VA, but the same requirements on
reconstructed jets are applied and the kinematic quantities
for PYTHIA8 are obtained from reconstructed jets.
Figure 11 shows distributions of the jet multiplicity and

the azimuthal angle separation, Δϕ, between the two jets
having the highest pjet

T values in the event. The PYTHIA8

prediction systematically underestimates the rate for events
with more than two jets, likely because it only includes LO
hard-scattering matrix elements. This aspect of PYTHIA8 is

FIG. 9. Residual background fractions for several different possible gap selections, extracted from template fits of the
P

γ Δη and ΔηA
distributions. The red markers indicate the nominal selections which are applied in this measurement, and the other markers show
variations demonstrating the sensitivity of the background rate to the choice of selection. Error bars represent statistical
uncertainties only.
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most likely responsible for the disagreement in the Δϕ
distribution for Δϕ≲ 2.5 rad.
Figure 12 shows a comparison of yjets and HT distribu-

tions between PYTHIA8 and data with corrections as

described in Sec. VA. In both MC samples and data, the
yjets distributions are shifted toward the nucleus-going
direction because the typical photon energy is much smaller
than that of the parton from which it scatters. The yjets
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distribution in data appears to be enhanced compared to the
MC samples at both backward (yjets < −4) and forward
(yjets > −1) yjets values, while the data and MC samples
agree well for intermediate values of yjets. Nonetheless, the
level of agreement is sufficiently good that PYTHIA8 can be
used to evaluate the migration in ðyjets; mjets; HTÞ and
ðxA; zγ; HTÞ due to jet response, which is needed to unfold
the measured cross sections.

D. Fiducial cross sections

The measured photonuclear jet cross sections, corrected
for efficiency before unfolding for detector response, are
calculated as

d3σmeas

dHTdyjetsdmjets
≡ 1

L
ΔNcorr

ΔVðyjets; mjets; HTÞ
; ð9Þ

d3σmeas

dHTdxAdzγ
≡ 1

L
ΔNcorr

ΔVðxA; zγ; HTÞ
; ð10Þ

where ΔNcorr represents the corrected number of γ þ A →
jets events measured within the acceptance volume, ΔV is
the geometric acceptance volume as a function of its three-
dimensional bin defined in Table I, and L is the integrated
luminosity. The calculation of ΔV is described in greater
detail in Appendix B. To account for the different pjet

T and
jηjetj acceptances and the different sampled luminosities of
the jet triggers, the cross sections are separately evaluated
in different intervals of leading and subleading jet pjet

T and
jηjetj and then summed over the fiducial acceptance of those
variables.

To visualize the kinematic coverage of the measurement,
two-dimensional (2D) cross sections are obtained from
Eqs. (9) and (10) by integrating the third variable over the
fiducial acceptance of the measurement. The 2D cross
sections are evaluated using finer binning than that given in
Table I, in order to better illustrate the kinematic coverage
of the measurement. The results are presented in Fig. 13 for
both sets of kinematic variables, scaled by the integrated
luminosity to provide the corrected number of events. The
left column shows the three possible sets of 2D cross
sections using ðyjets; mjets; HTÞ and the right column shows
those using ðxA; zγ; HTÞ.

E. Unfolding procedure

The effects of detector response on the measured cross
sections are corrected using an iterative Bayesian unfolding
procedure [66–68], as implemented using the ROOUNFOLD

software package [69]. The procedure accounts for both bin
migration within the fiducial region and migration into and
out of the fiducial region via a response matrix populated
from the MC sample, which maps between the recon-
structed and truth-level kinematic variables. This procedure
works by unfolding the measured data using an assumed
prior distribution as the true distribution. The output of the
unfolding procedure is a set of posterior weights, which are
used to construct an updated estimate for the true distri-
bution. The unfolding is performed in three dimensions to
properly account for bin migration effects that are corre-
lated across one or more dimensions. These effects arise
since the detector response in one unfolding variable is
correlated with the value of other variables. The
ðyjets; mjets; HTÞ and ðxA; zγ; HTÞ distributions are unfolded
separately. The performance of the unfolding procedure
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FIG. 12. Comparison of data and MC distributions for UPC γ þ A → jets production, within the fiducial acceptance, for (a) yjets and
(b) HT. The distributions are shown for reconstructed jet kinematics after applying all event selections and efficiency corrections. The
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FIG. 13. Two-dimensional measured differential distributions of Ncorr for γ þ A → jets production in Pbþ Pb UPC interactions
obtained by integrating the three-dimensional cross sections obtained from Eqs. (9) and (10) over the acceptance of the third variable.
The left column shows results using ðyjets; mjets; HTÞ and the right column results using ðxA; zγ; HTÞ. These results are not unfolded for
detector response.
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was validated through studies of its efficiency, purity, and
closure in simulated events.
The number of iterations used in the iterative Bayesian

unfolding procedure must be specified. As the number of
iterations is increased, the sensitivity of the unfolded results
to the prior is reduced but the statistical uncertainties of the
results typically increase. The residual sensitivity is evalu-
ated by unfolding with an alternative prior, and is used to
evaluate the systematic uncertainty discussed in Sec. VI.
The number of iterations is chosen by first considering the
general stability of the unfolded distributions under addi-
tional iterations and then by quantitatively comparing the
systematic uncertainty from the residual sensitivity to the
prior with the statistical uncertainty. The unfolded results
for both sets of kinematic variables are based on five
iterations.
Statistical uncertainties on the unfolded results are

evaluated in the data by studying the impact of 1000
possible stochastic variations generated from the input
distributions. The variations are each unfolded in the same
manner as the data, and the statistical covariance is
computed for the unfolded cross section for each pair of
bins. Statistical uncertainties due to possible statistical
fluctuations in the response matrix are obtained in an
analogous fashion by generating alternative samplings of
the response distributions.

VI. SYSTEMATIC UNCERTAINTIES

Point-to-point systematic uncertainties are assigned to
the data from four different sources: event selection
efficiency, JES uncertainty, JER uncertainty, and residual
sensitivity to the unfolding prior. The event selection
efficiency accounts for improper modeling of the impact
of the gap selection when event selection efficiencies are
evaluated in PYTHIA8. The JES systematic uncertainties
account for the impact of imperfect knowledge of the
in situ JES calibration on the measured cross sections.
The JER uncertainties similarly describe the impact of
imperfect knowledge of differences in the JER between
data and MC simulation. The systematic uncertainty
for residual sensitivity to the unfolding prior accounts
for the residual dependence on the prior used in con-
structing the response matrices due to the finite number
of iterations used in the Bayesian unfolding procedure.
Additional uncertainties due to the luminosity measure-
ment and correction for EM pileup, which are fully
correlated across all bins, are propagated to the result.
Uncertainties due to the trigger efficiency corrections
were found to be negligible, due to the already small
magnitude of these corrections within the fiducial accep-
tance of the measurement.
The event selection uncertainties are assessed for both

gap requirements (ΔηA < 3 and
P

γ Δη > 2.5), following
the same procedure in each case, separately for each
selection. Each gap requirement is individually tightened

by 0.5 units and the cross sections are measured with this
new event selection. The event selection efficiency esti-
mated in the simulation is also modified for this new
selection, and the corrected cross sections are unfolded
using the nominal procedure. The resulting cross sections
are then compared to the nominal result to extract the
uncertainty. By varying the efficiency correction as well,
this method assigns uncertainties for the modified event
selection efficiency incorrectly accounting for the effect of
varying the selection in data, which provides a metric for
mismodeling of the efficiency. Uncertainties due to residual
backgrounds are neglected, since the rates of these back-
grounds are found to be negligible in the studies shown in
Sec. V B.
The JES and JER systematic uncertainties are

propagated from the uncertainties obtained using the
procedure described in Appendix A. For each source
of uncertainty on the JES, a nuisance parameter variation
is introduced, where the reconstructed pjet

T of each jet in
simulation is multiplied by a scale factor as a function of
its jηjetj and pjet

T . These nuisance parameter variations are
used to construct modified response matrices, where the
truth-level jet information is the same, but the varied
jets are used to determine the reconstructed kinematics.
The cross sections are unfolded with the modified
response matrices and compared to the nominal result
in order to determine the JES uncertainty for that
nuisance parameter.
In the case of the JER, the procedure is similar, except

that the jet transverse momenta are smeared as a function
of jηjetj and pjet

T according to each nuisance parameter.
Additionally, in cases where the in situ measurement of
the resolution in data is smaller than in the MC sample, it
is necessary to smear data distributions instead of the MC
response matrices. A pseudodata smearing procedure,
where cross section distributions are populated from
reconstructed MC events and smeared, rather than
directly smearing the data, is applied in order to reduce
the impact of statistical fluctuations on the uncertainty.
These smeared distributions are unfolded with similarly
varied response matrices, and the results are then com-
pared to the nominal unfolded MC distributions, in order
to translate fractional uncertainties bin by bin to the
nominal cross sections.
The systematic uncertainty for residual sensitivity to the

unfolding prior is determined by reweighting the prior
distribution in the response matrices in order to match the
reconstructed data distribution. The ratios of the recon-
structed cross sections between data and MC simulation are
evaluated as a function of the three variables used in the
unfolding, and the results are smoothed using a Gaussian
kernel. The ratios are then used to reweight the response
matrix as a function of the truth-level jet kinematics. The
cross sections are unfolded with the same number of
iterations using these modified response matrices, and
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the results of this procedure are compared to the nominal
results in order to derive the systematic uncertainty.
The uncertainty on the integrated luminosity of the data

sample is 2.0%. It is derived from the calibration of the
luminosity scale using x-y beam-separation scans, follow-
ing a methodology similar to that detailed in Ref. [65],
using the LUCID-2 detector for the baseline luminosity
measurements [45]. An additional uncertainty is applied to
the measured total cross section due to uncertainty on the
rate of EM pileup, which is not correlated with event
kinematics. This uncertainty is obtained by varying the
Pbþ Pb dissociative cross section within its uncertainties,
yielding a fractional uncertainty of 0.3%.
A summary of the different sources of systematic

uncertainty for a selection of bins in HT and summed over
the full range in zγ are shown as function of xA in Fig. 14,
demonstrating the contributions from each source of
systematic uncertainty, compared to the statistical uncer-
tainty. The statistical uncertainty due to the unfolding
response matrix is included in the total statistical uncer-
tainty but is negligible. The in situ measurement of the JES
typically provides the largest source of systematic uncer-
tainty, but in some regions near the edges of the phase
space, the JER uncertainties grow larger. The event
selection uncertainties are never dominant, and they are
only substantial in the kinematic regions where the jets are
near the edge of the photon-going gap (large zγ , large
positive yjets). The sensitivity to the unfolding prior is
smaller than the statistical uncertainty in all bins except for
at the very edge of the phase space, where the unfolding
becomes more difficult to control at the percent level.
Additionally, correlations between the bins of the system-
atic uncertainties are assessed, where each JES or JER
nuisance parameter is taken as 100% correlated between
bins but uncorrelated with other nuisance parameters. The
systematic uncertainty due to the event selection efficiency
and sensitivity to the unfolding prior may have some
unknown bin-to-bin correlation, so they are conservatively
taken as completely uncorrelated bin to bin.

VII. NUCLEAR BREAKUP

In order to provide a useful evaluation of the measured
cross sections, the data are compared to particle-
level triple-differential cross sections from PYTHIA8.
However, because the measurement nominally uses the
0nXn condition to identify γ þ A events, the PYTHIA8

cross sections must first be corrected for the effects of
breakup of the photon-emitting nucleus, which can
depend on the γ þ A kinematics, especially zγ. This
section describes how the methods described in
Secs. V and VI are applied to the XnXn sample in order
to obtain an experimental measurement of the photon-
going breakup likelihood. This result is then applied to
the PYTHIA8 cross sections in order to allow a comparison
with unfolded data.
The fraction of photonuclear jet events without breakup

of the photon-emitting nucleus is measured as a function of
zγ using two samples: the nominal analysis 0nXn sample
and an additional XnXn sample. In the latter sample, the
photon-going direction is selected using the side of the
detector with the largest

P
Δη. In order to reduce

potential background contamination from hadronic proc-
esses, a more strict gap requirement, Δηγ > 2.5, is
imposed in the photon-going direction for both samples.
Studies of the gap distributions in XnXn events indicated
that this selection is necessary to achieve sufficient purity
to measure γ þ A → jets events in XnXn collisions. This
requirement preferentially removes resolved-photon
events, but the probability that the photon-emitting
nucleus breaks up is not sensitive to the nature of the
hard-scattering process, due to the large separation in
energy scales between the hard-scattering and soft photon
exchange [39]. An assessment of the acceptance and εevt,
separate from the one used in the nominal analysis, is
performed for both the XnXn and the corresponding 0nXn
sample. Corrected cross sections from each sample are
then unfolded in a modified three-dimensional binning,
providing finer intervals in zγ, and the fraction of events
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which do not break up is computed from the unfolded
cross sections as

fno BU ≡ dσ=dzγj0nXn
dσ=dzγjXnXn þ dσ=dzγj0nXn

: ð11Þ

Full systematic uncertainties are then propagated
through the ratio by applying systematic variations to each
sample; most of the uncertainties largely cancel in the ratio.
Figure 15 shows the measured no-breakup fraction as a
function of zγ . A quadratic fit in lnðzγÞ is used to smooth the
variations. The quadratic fit is applied as a correction to
theoretical predictions shown in Sec. VIII B as a function of
zγ. The breakup fraction shows a substantial variation with
zγ, which is expected to arise because higher photon
energies are more likely at smaller impact parameters,
and the probability of additional Coulomb excitations is
also correlated with the impact parameter of the collision.
Theoretical calculations from Ref. [70] describe the data by
modeling the EM breakup probability as a function of
impact parameter in a model of NLO γ þ A → jets pro-
duction, and they are compared to the data in Fig. 15. These
calculations describe the measured fraction quite well but
no single prediction captures the shape over the full range
in zγ . Since HT and xA are much more weakly correlated
with impact parameter, no additional dependence on these
variables is considered.

VIII. RESULTS

This section provides fully corrected triple-differential
cross sections for photon-nucleus collisions with no
breakup in the photon-going direction, d3σ

dHTdyjetsdmjets
and

d3σ
dHTdxAdzγ

. Namely, the measured cross-sections obtained

from Eqs. (9) and (10) in the kinematic intervals described
in Table I are unfolded using the detector response obtained
from PYTHIA8 events with full detector simulation, and
systematic uncertainties described in Sec. VI are evaluated
for each three-dimensional bin. More information about
which bins are reported, the calculated mean value of each
bin, and the phase-space volume used to define the triple-
differential cross section are provided in Appendix B.
In order to separate uncertainties correlated across bins

from those that are uncorrelated, the uncertainties of the
results shown in this section are represented by three
components: statistical, scale, and residual systematic
uncertainties. The scale uncertainty is computed by sepa-
rating out the part of the correlated uncertainty that
corresponds to a single rescaling of the entire distribution.
This component is taken to be the smallest fractional
uncertainty on any single bin in that selection, for each
uncertainty that is 100% correlated bin to bin. These scale
uncertainties are added in quadrature and represented as a
light red band, while the remaining systematic uncertainty
is represented as a gray band and the statistical uncertainty
is shown in yellow. Although these residual systematic
uncertainties do have some correlation, the conservative
assumption should be made that they are uncorrelated when
interpreting the uncertainties.

A. Sensitivity to nuclear PDF effects

The results presented in this section for UPC γ þ A →
jets cross sections are compared to a theoretical calculation
from LO PYTHIA8 which was produced using nCTEQ15
WZþ SIH [71] PDFs. While discrepancies may arise
between the data and this theory calculation due to other
sources, such as higher-order QCD effects or uncertainty on
the photon flux, the primary goal of this comparison is to
evaluate any inconsistencies that can be attributed to
differences in the measured nPDFs. An understanding of
the size of these effects and differences between the
modifications in competing fits is important in assessing
the impact of the data on constraining these effects.
Figure 16 shows the ratio of photonuclear jet cross-section
calculations between a PDF set with nuclear modifications
(nCTEQ15 WZþ SIH, nNNPDF 3.0 [72]) and without
modifications (CT18 [73], NNPDF 3.1 [74]). Both the
numerator and denominator in these ratios are corrected for
small isospin effects arising from differences in the parton
content of protons and neutrons. The total uncertainty on
the data measurement in these bins is shown for compari-
son, demonstrating the sensitivity of these data both to
nPDF effects of this size and the existing differences in
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uncertainties. A quadratic fit in lnðzγÞ is shown in red. These
results indicate a strong dependence of the breakup rate on zγ and
an overall high rate of breakup due to additional Coulomb
interactions, reaching 70% at high zγ . Results are compared to
theoretical calculations from Ref. [70].
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current nPDFmodels. Studies of the potential impact of this
measurement on nPDF uncertainties [21] indicate that the
nPDF uncertainties are typically 10% or larger in this
kinematic region, substantially smaller than the point-to-
point uncertainty achieved in this measurement.

B. Photonuclear jet cross sections

This section presents the primary results of the analysis
described in this paper, the triple-differential cross sections
for jet production in Pbþ Pb UPCs satisfying the 0nXn
condition and the fiducial requirements presented in
Sec. IV D and Appendix B. The measured cross sections
are compared to LO PYTHIA8 cross sections with nCTEQ15
WZþ SIH nPDFs, obtained from the sample described in
Sec. III, multiplied by fno BU, the zγ-dependent probability
of no breakup determined empirically from data, as
described in Sec. VII. The PYTHIA8 results are represented
by the dashed lines. The ratios between the data and the
PYTHIA8 calculations for selected intervals in HT or xA are
shown in the panels below each figure. As these results
present the first measurement of photonuclear jet cross
sections, no attempt is made to incorporate theoretical
uncertainties corresponding to effects such as renormaliza-
tion scale, nPDFs, or the photon flux, since these uncer-
tainties may be improved in subsequent theoretical
comparisons.

The presentation of results begins with cross sections
evaluated using ðyjets; mjets; HTÞwhich are closely related to
the measured jet kinematics. Figure 17 shows cross
sections as a function of yjets in different intervals of
mjets that have been integrated over the HT acceptance
in each yjets and mjets interval. The comparison with
PYTHIA8 + nCTEQ15 WZþ SIH shows a systematic
difference as a function of yjets. For small mjets, the cross
section in the data is larger than that in PYTHIA8 at forward
rapidities and matches the results from PYTHIA8 at back-
ward rapidities, while at larger mjets, the ratio is largely
independent of yjets but the theory underpredicts the total
cross-section. The difference between data and MC varies
with HT, becoming smaller near the maximum in the yjets
distribution with increasing HT. These effects are also
visible in Fig. 18, where the theory underpredicts the data at
larger mjets.
In the following figures, the measured cross sections are

presented in terms of ðxA; zγ; HTÞ that more closely reflect
the kinematics of the partons participating in the hard-
scattering process. The results are presented as a function
of xA for different HT intervals in four zγ ranges:
0.0023 < zγ < 0.0043, 0.0079 < zγ < 0.015, 0.0043 <
zγ < 0.0079, and 0.015<zγ < 0.027 in Figs. 19, 30, 20,
and 31, respectively, where the latter two figures are shown

FIG. 16. The impact of nPDF modifications on the photonuclear jet cross section, represented by the ratio of the cross section
calculated with modified nPDFs (σmod) to the cross section for unmodified free nucleon PDFs (σfree). These effects are shown for
nCTEQ15 WZþ SIH (squares) and nNNPDF 3.0 (diamonds) fits, where ratios are taken with respect to CT18 and NNPDF 3.1,
respectively. Results are integrated over the zγ range 3.7 × 10−4 < zγ < 0.027, and each panel shows a separate range in HT. The total
uncertainty on this measurement in each bin is compared to the size of these modifications, where the light red bands show the total scale
uncertainty, the gray bands are the quadrature sum of the residual systematic uncertainty, and the yellow bands show the statistical
uncertainty.
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in Appendix C. Figure 21 demonstrates the impact of
integrating over the full range in zγ . The cross sections in
the different HT intervals are shown scaled by different
powers of ten to allow them to be presented in the same
figure. Due to the correlation of the acceptance in xA with
zγ, measuring individual zγ intervals illustrates the role of
the photon energy in probing different features of the
nPDFs. These individual intervals also allow for a more
robust separation of correlated systematic uncertainties.

The breakup-adjusted cross sections provide substantial
information about differences between the data and
PYTHIA8, where the uncertainties on the measurement are
substantially smaller than the existing nPDF uncertainties.
Broadly, the data suggest that the nPDFs in nCTEQ are too
small at lower HT and lower xA, but that the agreement
improves at higher xA. From the lower zγ intervals, it can be
observed that the cross section in the antishadowing region
from PYTHIA8 + nCTEQ agrees with the data, whereas at
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FIG. 17. Triple-differential cross sections, d3σ
dHTdyjetsdmjets

, as a function of yjets, in fourmjets intervals withmjets increasing from the top left
to the bottom right. The cross sections are shown for the selected intervals in mjets and integrated over the HT acceptance. For each plot,
systematic uncertainties are shown in the upper panel as shaded boxes, while statistical uncertainties shown as vertical lines are usually
smaller than the size of the markers. A theoretical comparison is shown to cross sections computed using PYTHIA8 with nCTEQ15
WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent data-driven breakup fraction. The bottom panels show the ratio
between the theory prediction and the data. The light red bands in the ratio panels are the quadrature sum of scale uncertainties on the
cross section, while the gray band shows the residual systematic uncertainty. The yellow band shows the point-to-point statistical
uncertainty.
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high zγ , the theoretical calculation in the nuclear shadowing
region underpredicts the data. These features are most
prominent at low HT, while the theory typically under-
predicts the data for the higher HT intervals without

substantial dependence on xA. Only in the highest xA
interval, 0.288–0.5, is any substantial modification from the
EMC effect expected, and it is typically in good agreement
with the data.
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FIG. 18. Triple-differential cross sections, d3σ
dHTdyjetsdmjets

, as a function of mjets, in several yjets intervals. The cross sections are integrated
over the HT acceptance. Systematic uncertainties are shown in the upper panel as shaded boxes, while statistical uncertainties shown as
vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections computed using
PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent data-driven breakup fraction. The bottom
panels show the ratio between the theory prediction and the data for a selection of the yjets intervals. The light red bands in the ratio
panels are the quadrature sum of scale uncertainties on the cross section, while the gray band shows the residual systematic uncertainty.
The yellow band shows the point-to-point statistical uncertainty.
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FIG. 19. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function of xA for different bins ofHT for events with emitted photon energies
in the kinematic range 0.0023 < zγ < 0.0043. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins ofHT. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the
Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 20. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function of xA for different bins ofHT for events with emitted photon energies
in the kinematic range 0.0079 < zγ < 0.015. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins ofHT. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 21. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function of xA for different bins ofHT for events with emitted photon energies

in the kinematic range 3.7 × 10−4 < zγ < 0.027. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins ofHT. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 22. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function ofHT for different bins of xA for events with emitted photon energies

in the kinematic range 3.7 × 10−4 < zγ < 0.027. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins of xA. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 23. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function of zγ for different bins ofHT for events with struck parton energies in
the kinematic range 0.010 < xA < 0.166. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of intervals inHT. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 24. Ratios of the triple-differential cross sections, d3σ
dHTdxAdzγ

, to theoretical preductions using several nPDF models as a function of

xA for different bins ofHT for events with struck parton energies in the kinematic range 3.7 × 10−4 < zγ < 0.027. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. Theoretical comparisons for the cross sections are computed
using PYTHIA8 withh a photon flux from STARLIGHT, and a zγ-dependent data-driven breakup correction. Four different theoretical
comparisons are shown corresponding to the nCTEQ 15WZþ SIH, nNNPDF 3.0, EPPS21, and TUJU21 nPDF fits. The light red bands
are the quadrature sum of scale uncertainties on the ratio, while the gray band shows the residual systematic uncertainty. The yellow
band shows the point-to-point statistical uncertainty.
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An alternative presentation of the results shown above
plotted as a function of HT instead of xA is provided in
Figs. 32, 33, 34, and 35 in Appendix C. Figure 22 shows
the analogous results integrated over the full range in zγ .
The cross sections in the restricted intervals of zγ and xA
vary slowly with HT except at the upper limit of the
HT range.
Figure 23 shows the measured differential cross section

as a function of zγ in different intervals ofHT for a fixed xA
range, 0.010 < xA < 0.166. The zγ dependence over a wide
xA interval should be determined, primarily, by the photon
flux and the precision of the cross section calculation for
the hard-scattering process. Thus, this comparison should
primarily indicate the regions of phase space which are
most impacted by the LO precision of PYTHIA8 or uncer-
tainty on the photon flux. The results indicate that
differences from PYTHIA8 arise without an obvious depend-
ence on zγ , and the discrepancies are slightly more
significant at higher HT.
Figure 24 shows the ratio between measured cross-

sections and predictions using PYTHIA8 LO calculations
with a simulated parton shower and a variety of leading
global nPDF fits. These fits include nCTEQ15 WZþ SIH,
nNNPDF 3.0, EPPS21 [13], and TUJU21 [12]. The former
three fits include different global datasets and employ
different methodologies, while the TUJU21 fit is unique
for restricting its inputs to only measurements with NNLO
theory calculations available. These comparisons demon-
strate that no single fit describes the data best in all
kinematic regions. At lower HT, all models underpredict
the shadowing region, while nNNPDF slightly overpredicts
the antishadowing region. For intermediate HT intervals,
similar discrepancies persist at low xA, while nNNPDF
predicts the cross section in the antishadowing region better
than other models. It shows signs of overprediction at high
HT, though, as observed for higher Q2 in recent measure-
ments of tt̄ production in Pbþ Pb collisions [75]. These
observations may be modified when NLO corrections
become available, or when theoretical uncertainties on
the modeling of the photon flux are included.

IX. CONCLUSION

This paper presents measurements of photonuclear
jet production in ultraperipheral Pbþ Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV from a dataset collected with the
ATLAS detector at the LHC corresponding to an inte-
grated luminosity of 1.72 nb−1. The measurement pro-
vides unique constraints on nuclear parton distributions in
a region of x and Q2 where currently available data
provide very little information.
In the analysis, candidate γ þ A events are selected using

a combination of requirements on the neutron yields in the
zero-degree calorimeters and substantial rapidity gaps in
the photon-going direction. The selection also has good

acceptance for resolved-photon events that can populate
forward rapidities with particles. Triple-differential cross
sections are measured using two sets of kinematic varia-
bles, ðyjets; mjets; HTÞ and ðxA; zγ; HTÞ, the latter of which
more directly reflect the kinematics of the partons in the
hard-scattering process, allowing for a clear understanding
of the kinematic ranges probed by this measurement. The
measured cross sections are corrected for trigger and event
selection efficiencies and are unfolded to the particle level
using an evaluation of the detector response obtained from
a PYTHIA 8 γ þ A → jets MC sample. These PYTHIA8 events
were generated using nCTEQ15 nuclear PDFs and a
coherent nuclear photon flux. The resulting sample of
events was reweighted to account for modifications to the
photon flux resulting from the ultraperipheral (i.e. non-
hadronic) event selection and the real impact parameter
distribution of γ þ A processes.
The measured cross sections are compared to LO

PYTHIA8 predictions, which are corrected by the probability
that the photon-emitting nucleus does not break up due to
additional soft photons exchanges that can excite, for
example, the giant dipole resonance in the nucleus. This
no-breakup probability for γ þ A processes was measured
in data using a sample of events with forward neutron
emission in both directions. The comparisons between data
and PYTHIA8 show systematic deviations as a function of
both zγ and xA that may indicate limitations in the
theoretical description of the photon flux but also, at fixed
zγ, deviations in the lead PDF relative to the nCTEQ15
WZþ SIH nPDF set used to produce the PYTHIA8 sample.
LO PYTHIA8 predictions using all included fits underpredict
the data in the shadowing region, while most fits exhibit
better agreement with the data in the antishadowing and
EMC regions. Extraction of information about nPDFs from
this data, however, will rely on more precise NLO pQCD
calculations directly comparable to these results. Such
theoretical results should offer a direct path for including
the data presented here in global nuclear PDF fits, although
the inclusion of parton shower corrections is also important
for a robust extraction of nPDF effects.
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APPENDIX A: In situ MEASUREMENT OF THE
JET ENERGY SCALE AND RESOLUTION

1. Samples used for calibration

In situ studies of the jet energy scale and resolution were
performed using 334 pb−1 of 13 TeV pp data taken by
ATLAS in 2017 and 2018. Performing calibration studies
in this different collision system is necessary for two
reasons: UPCs are not energetic enough to produce the
Z þ jet pairs needed to derive the absolute energy scale
and alternative MC generators are not available for UPCs
in order to test the impact of the MC model on the JES
corrections. The pp data were taken in a period where the
typical number of interactions per bunch crossing was
μ ¼ 2, allowing the data to be taken using the same
detector configuration as the UPC data sample. Two sets
of triggers were used to collect the data for these studies:
a sample requiring at least one high-pT lepton for studies
of Z þ jet balance and a sample requiring at least one
high-pT jet in order to study dijet balance for measures of
η-dependence of the JES and to study the JER.
These studies also involved the use of MC samples

generated using some combination of PYTHIA8 [25],
HERWIG++ [79], POWHEG [80,81], and SHERPA [82].
Samples with the jet cross section calculated at NLO
were produced using either SHERPA or a combination of
POWHEG with either PYTHIA8 or HERWIG++ to model the
parton shower and hadronization. Each sample was
produced with the A14 tune [55] and NNPDF 2.3 free
proton PDFs [83]. For simulating Z þ jet production, two
NLO samples were produced. The first sampled used
POWHEG+PYTHIA8, where POWHEG was used to compute
the matrix element and PYTHIA8 was used to simulate the
parton shower and hadronization. The second sample used
SHERPA for both aspects of the event generation. For dijet
balance, two samples were used: POWHEG+PYTHIA8 and
POWHEG+ HERWIG++.

2. Jet energy scale

The strategy used in this measurement for calibrating
the jet energy scale follows previous work from
ATLAS [60], and it involves two steps: studies of the
absolute energy scale using Z þ jet balance and studies of
η-dependent variation of the JES using dijet balance
(η intercalibration). This procedure works by first estab-
lishing the absolute jet energy scale in a reference rapidity
interval (jηj < 0.8) by studying the balance of jets against
a well-measured reference object, the Z boson in this
case. Then, the much higher-rate process of dijet pro-
duction is used to calibrate other η regions relative to this
reference region.

a. Absolute energy scale

Studies of the absolute energy scale begin with a
sample of events which are required to have at least two

opposite-charge leptons (either eþe− or μþμ−), where both
leptons have pT > 20 GeV. Additionally, the dilepton
invariant mass is selected to be within the Z peak, and
events are required to have at least one jet that balances the
Z boson in azimuth with no additional jets in the event.
After applying these selections, data distributions of r ¼
pjet
T =pZ

T are constructed in bins of pZ
T. In these studies, a

new approach was taken to the fitting procedure, since
data taken with low μ is statistically limited. In this
approach, the data eþe− and μþμ− channel distributions
are fitted simultaneously by constructing distributions of
r ¼ RData=MCp

jet
T =pZ

T using the MC simulation, where
RData=MC is a rescaling factor used to calibrate the jet
pT in data, in order to account for data-to-MC differences
in the absolute JES. This in situ correction factor is
extracted by iterative χ2 minimization fitting of these
rescaled MC distributions to match the binned data
distribution.
This fitting procedure is then performed in bins of pjet

T ,
with statistical uncertainties derived using the bootstrap
method [84], and the binned results are smoothed using a
Gaussian kernel smoothing procedure. The results of this
calibration procedure, compared to the same calibration
factors derived in μ ¼ 40 pp collisions, are shown in
Fig. 25. The shaded bands show the statistical and
systematic uncertainties, indicating that the primary
differences in the in situ JES arise at low pT, likely due
to increased sensitivity to low energy topo-clusters
most impacted by the different calorimeter conditions.
The systematic uncertainties are assigned by comparing
the results of two different MC simulation models
(POWHEG+PYTHIA8 and SHERPA), varying the event
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FIG. 25. In situ correction to the absolute JES as a function of
pjet
T derived from data and MC evaluation of the Z þ jet balance

in low-μ (μ ∼ 2) pp collisions at 13 TeV. The binned results are
smoothed with a Gaussian kernel smoothing procedure, the result
of which is shown as a black line. The red line shows the result
from high-μpp collisions.
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selection criteria, and propagating uncertainty on the
electron or muon energy scales. An additional uncertainty
is assigned for MC modeling of out-of-cone radiation,
which may impact the relative balance between Z bosons
and jets in these studies.

b. η intercalibration

The η intercalibration uses a sample of events that are
selected by requiring two jets, each with pjet

T > 10 GeV.
Further selections are applied in order to ensure the pair
should be balanced in pT, including that the leading dijet
pair be azimuthally balanced and that there are no other jets
in the event. Then, using this sample, distributions of
ðpT1

− pT2
Þ=hpTi are constructed in bins of η1, η2, and

hpTi, where hpTi ¼ ðpT1
þ pT2

Þ=2. In order to derive
η-dependent scale factors from these distributions, the
ATLAS matrix method [85] is employed, where a
Gaussian fit to each bin in η1 and η2 provides a measure-
ment of the product of the relative scale factors in both bins.
The results from all bins in η1 and η2 are combined via a
linear regression procedure to extract a scale factor in each
η and hpTi bin.
This same procedure is repeated in data and MC

simulation, where the ratio of the scale factors between
data and MC measures the relevant data-MC difference in
jet response, providing the in situ correction factor. These
correction factors are then rescaled in each pT bin so that
the correction in the reference region, where the absolute
energy scale is determined by Z þ jet balance, is unity.
Systematic uncertainties in the η-intercalibration are
assessed by varying event selections and the MC generator
(POWHEG+PYTHIA8 vs POWHEG+HERWIG++). Statistical
uncertainties are determined via the bootstrap method
[84]. The resulting calibration factors and systematic
uncertainties are smoothed using a two-dimensional

Gaussian kernel smoothing procedure, and an additional
uncertainty is assessed for the nonclosure of the procedure,
using a combination of studies in γ þ A → jets events and
pp collisions. While the η-intercalibration uncertainties are
symmetrized with respect to η, the uncertainties related to
the jet flavor composition and response depend on η�,
which is chosen to be positive in the photon-going
direction. The total η�-dependent systematic uncertainties
for two particularly relevant values of pjet

T are summarized
in Fig. 26.

c. MC-derived UPC correction

In order to translate results on the jet energy calibration
in μ ¼ 2 pp to photonuclear jets, an additional correction
must be derived from MC simulations to account for
differences in the jet energy scale between these two
systems. These differences primarily arise from three
sources: the different jet flavor compositions of the two
samples, the difference in μ between the two systems, and
the different underlying event in pp and γ þ A events. In
order to determine a correction accounting for these
differences, the calibration derived in μ ¼ 2 pp collisions
is applied in photonuclear Pbþ Pb event generated with
PYTHIA8, and truth jets are matched to their nearest
reconstructed jet within ΔR < 0.3. Then, using matched
pairs, preco

T =ptrue
T distributions are constructed in intervals of

ptrue
T and ηtruth. Then, the mean jet response in each bin is

determined by a Gaussian fit to the distribution, and a
correction factor is derived from the mean responses via a
numerical inversion procedure [86]. The results of this
procedure are shown in Fig. 27.

3. Jet energy resolution

In addition to correcting for differences between the JES
in data and MC samples, any differences in the jet energy
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FIG. 26. A summary of all sources of JES systematic uncertainties as a function of η� for (a) pjet
T ¼ 20 GeV and
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resolution [60] may also impact this measurement, thus a
direct measurement of any difference and its associated
systematic uncertainties is essential for a precise measure-
ment of the cross sections. Unlike the case for the JES, only
dijets are necessary to measure the resolution, so these
studies are performed directly in UPC jet events. Events are
selected with a dijet pair, each with pjet

T > 10 GeV. The jets
are required to be nearly back-to-back in azimuth and a veto
is applied on events with extra jets, in order to ensure the pT
balance of the pair. The JER is measured in regions of η,
and for each region, one jet in the pair (the probe jet) is
required to be in that region, while the other jet must be in
the designated reference region for the probe jet’s η. For jets
with jηj < 2.8, reference regions are the same as the
probe regions, but more forward bins use the reference
region 1.8 < jηj < 2.5, in order to reduce the statistical
uncertainty on the JER measurement. Distributions of
ðpprobe

T − pref
T Þ=hpTi are then constructed for all probe/

reference jet pairs.
Binned measurements of the jet energy resolution are

then extracted via a convolution fitting procedure [60].
First, the asymmetry distribution of particle-level jets is
fitted with a Gaussian times exponential distribution, and
then this distribution is convolved with a Gaussian, whose
mean and standard deviation are fitted to describe the
measured distribution. The width of this convolved
Gaussian corresponds to the quadrature sum of the probe
and reference resolutions. In η bins where the same region
is used as a reference, the extracted resolution therefore
must be divided by

ffiffiffi
2

p
. For bins using an external

reference, the resolution of the reference bin is subtracted
in quadrature. Then, for each η interval, the binned results
are fitted as a function of pT using

σðpTÞ ¼
N
pT

⊕
Sffiffiffiffiffiffi
pT

p ⊕ C; ðA1Þ

where the N term, corresponding to the contribution from
detector noise, is fixed independently via random cone
studies. In those studies, the noise contribution is directly
measured by sampling R ¼ 0.4 random cones of track or
cluster energy. Data events are selected with a trigger
requiring only energy in exactly one ZDC, which is
dominated by empty events, while a sample of mini-
mum-bias γ þ A collisions simulated with PYTHIA8 are
used to perform the studies in the MC simulation.
Differences in the results of these pT-dependent fits of
the JER are treated as a systematic uncertainty, and addi-
tional uncertainties are assessed by varying the event
selections, the MC generator (PYTHIA8 vs SHERPA), and
random cone noise term. Additional uncertainties are also
assessed for the impact of JES uncertainties on this
determination and differences between the estimated JER
in the MC simulation via this procedure and the truth-
matched JER.
The results for the JER in certain η intervals are shown

in the right panel of Fig. 5. Due to the lack of pileup in
this sample, the noise contribution from Eq. (A1) is
negligible in all bins, so the stochastic and constant terms
dominate. For this reason, the η dependence of the JER is
the same as at high μ, but it grows much less rapidly with
1=pjet

T , allowing for much more precise measurements at
low pjet

T . Systematic uncertainties in the in situ measure-
ment of the JER are typically a bit larger in this sample
than in the high-μ calibration, but the total uncertainty in
the measurement is still reduced due to the smaller overall
JER values.

APPENDIX B: FIDUCIAL AND GEOMETRIC
ACCEPTANCE DEFINITION

The jet and event selections described in Table II limit
the kinematic acceptance of this measurement at the
particle level in both sets of kinematic variables,
ðyjets; mjets; HTÞ and ðxA; zγ; HTÞ. To determine the true
acceptance of the measurement, each of the intervals
defined in Table I is subdivided into much finer intervals
in each of the three dimensions. For each of the resulting
finer volumes in ðyjets; mjets; HTÞ or ðxA; zγ; HTÞ, the
fraction of MC γ þ A events falling within the subvolume
that satisfy the event selection is determined using particle-
level kinematics and selections. The resulting acceptance
functions, Aðyjets; mjets; HTÞ and AðxA; zγ; HTÞ, are used to
determine the geometric acceptance region, which is
defined to contain all subdivided volumes that have
A > 0.1. The segmentation of the volume elements is
chosen to be sufficiently fine that varying it has negligible
impact on the resulting procedure. Two effects that impact
the differential cross section are considered in the following
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section: the missing acceptance within the accepted regions
and the accepted volume covering only a fraction of the
total bin volume.
Using the result of the geometric acceptance determi-

nation, the accepted volumes in ΔVðyjets; mjets; HTÞ and
ΔVðxA; zγ; HTÞ in the nominal binning (bins i, j, k in each
dimension) are calculated according to

ΔVðyjets;mjets;HTÞ
¼
X
i

X
j

X
k

ΔHi
TΔy

j
jetsΔmk

jetsΘ½Aðyjets;mjets;HTÞ−0.1�;

ðB1Þ

ΔVðxA;zγ;HTÞ
¼
X
i

X
j

X
k

ΔHi
TΔx

j
AΔzkγΘ½AðxA;zγ;HTÞ−0.1�; ðB2Þ

where ΔHi
T, Δy

j
jets, Δmk

jets, Δx
j
A, and Δzkγ are the widths of

sub-bin (i, j, k) for the nominal bin in these variables. This
more detailed calculation of the accepted phase-space
volume from Eqs. (B1) and (B2) is used to normalize
the differential cross section, as described in Sec. V D. The
accepted volume fraction, fvol, is defined for either variable
set as

fvolðyjets; mjets; HTÞ≡ ΔVðyjets; mjets; HTÞ
ΔHTΔyjetsΔmjets

; ðB3Þ

fvolðxA; zγ; HTÞ≡ ΔVðxA; zγ; HTÞ
ΔHTΔxAΔzγ

: ðB4Þ

The volume fractions are then used to impose two require-
ments on the bins that are reported in this measurement.
First, any bin where more than 2.5% of the total cross
section in that bin falls outside of the geometric acceptance
region is excluded from the reported results. Second, any
bin is excluded if fvol < 0.5.
An additional correction is applied, which accounts for

the difference between the measured fiducial cross section
and the total γ þ A → jets cross section. This correction
accounts for events that fall into a given kinematic
bin but fail the single-jet rapidity (jηjetj < 4.4) or jet
system mass (0.9 < mjets=HT < 4) requirements. These
corrections do not attempt to account for the single-jet pT

(pjet
T > 15 GeV) requirement or the requirement of at

least two jets in the event. For any bin with A < 0.975,
the bin is excluded from the results reported in the
measurement, while bins with A > 0.975 are corrected

for their partial acceptance. This approach limits the
impact of potential mismodeling of the fiducial accep-
tance on this correction.
The results of the acceptance calculation using the

subdivided volumes are also used to determine the average
values for each of the kinematic variables within the larger
volumes defined in Table I. These averages are calculated
according to

hki ¼
P

ikiσiP
iσi

; ðB5Þ

where k represents one of the kinematic variables, i runs
over the subvolumes that pass the A > 0.1 criterion, ki
represents the value of k at the middle of the subvolume,
and σi represents the total cross section in subvolume i in
ðyjets; mjets; HTÞ or ðxA; zγ; HTÞ space. This calculation
assumes that events populate the accepted region in each
subvolume uniformly. It also relies on the shape of the
PYTHIA8 cross section distribution in order to determine
the bin mean values, but no such dependence is built into
the actual reported cross sections. Figures 28 and 29
display all the different calculations and selections
described in this section, showing fvol for all bins that
pass the requirements on fiducial acceptance within the
geometric acceptance region. For bins with fvol > 0.5, the
bin means are shown, as calculated by Eq. (B5). These
figures demonstrate that most bins have fvol ¼ 1, with
smaller acceptance fractions occurring near acceptance
edges. The jηjetj < 4.4 requirement limits the acceptance
at high xA and yjets, especially at low HT. The loss of
acceptance near the diagonal acceptance edges in xA-zγ
space arise due to both the mass requirements and geo-
metric effects from the three-dimensional binning com-
bined with single-jet pT requirements.

APPENDIX C: RESULTS FOR ADDITIONAL zγ
INTERVALS

Several additional figures demonstrating the measured
cross sections described in Sec. VIII B are shown here.
These figures include the xA dependence of the cross
section in two additional zγ intervals in Figs. 30 and 31, as
well as the HT dependence for four zγ intervals in Figs. 32,
33, 34, and 35. These additional intervals in zγ allow for a
more robust separation of the correlated and uncorrelated
uncertainty components, helping to demonstrate the size of
point-to-point uncertainties most relevant for constraining
nPDF effects.
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FIG. 30. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function of xA for different bins ofHT for events with emitted photon energies
in the kinematic range 0.0043 < zγ < 0.0079. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins ofHT. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 31. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function of xA for different bins ofHT for events with emitted photon energies
in the kinematic range 0.015 < zγ < 0.027. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins ofHT. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 32. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function ofHT for different bins of xA for events with emitted photon energies
in the kinematic range 0.0023 < zγ < 0.0043. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross-sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins of xA. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 33. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function ofHT for different bins of xA for events with emitted photon energies
in the kinematic range 0.0043 < zγ < 0.079. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins of xA. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 34. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function ofHT for different bins of xA for events with emitted photon energies
in the kinematic range 0.0079 < zγ < 0.015. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins of xA. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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FIG. 35. Triple-differential cross sections, d3σ
dHTdxAdzγ

, as a function ofHT for different bins of xA for events with emitted photon energies
in the kinematic range 0.015 < zγ < 0.027. In the upper panel, systematic uncertainties are shown as shaded boxes, while statistical
uncertainties shown as vertical lines are usually smaller than the size of the markers. A theoretical comparison is shown to cross sections
computed using PYTHIA8 with nCTEQ15 WZþ SIH PDFs, a photon flux from STARLIGHT, and a zγ-dependent breakup fraction. The
bottom panels show the ratio between the theory prediction and data for a representative subset of the bins of xA. The Lorentz-invariant
variables xA, zγ , and HT are unambiguously defined in terms of the particle-level jet kinematics and correspond at leading order to the

Bjorken-x, emitted photon energy fraction, and collision Q2, respectively. The light red bands in the ratio panels are the quadrature sum
of scale uncertainties on the cross section, while the gray band shows the remaining systematic uncertainty. The yellow band shows the
point-to-point statistical uncertainty.
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nAlso at Università di Napoli Parthenope, Napoli, Italy.
oAlso at Institute of Particle Physics (IPP), Canada.
pAlso at Borough of Manhattan Community College, City University of New York, New York, New York, USA.
qAlso at National Institute of Physics, University of the Philippines Diliman (Philippines), Philippines.
rAlso at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece.
sAlso at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain.
tAlso at Technical University of Munich, Munich, Germany.
uAlso at CMD-AC UNEC Research Center, Azerbaijan State University of Economics (UNEC), Azerbaijan.
vAlso at Yeditepe University, Physics Department, Istanbul, Türkiye.
wAlso at CERN, Geneva, Switzerland.
xAlso at Center for Interdisciplinary Research and Innovation (CIRI-AUTH), Thessaloniki, Greece.
yAlso at Hellenic Open University, Patras, Greece.
zAlso at Center for High Energy Physics, Peking University, China.
aaAlso at Department of Physics, Stellenbosch University, South Africa.
bbAlso at Department of Physics, California State University, Sacramento, USA.
ccAlso at University of Colorado Boulder, Department of Physics, Colorado, USA.
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