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In ultra-relativistic heavy ion collisions at the LHC, each nucleus acts as a source of
high-energy quasi-real photons that can participate in scattering processes without causing
either participating nucleus to break up and emit forward neutrons. This paper extends
recent measurements of ¥y + A — jets production in ultra-peripheral Pb+Pb collisions at
ysnN = 5.02 TeV with forward neutron emission on exactly one side of the event. The data
presented here was recorded by the ATLAS collaboration at the LHC in 2018, corresponding
to a luminosity of 1.72 nb~!. These results examines 5.02 TeV Pb+Pb collisions where
neither nucleus breaks up (0n0On), providing a mixture of photon—pomeron (y + P — jets),
photon—photon (y + ¥ — jets), and peripheral photonuclear (y + A — jets) events. The
different processes are statistically separated via a template fit of the minimum rapidity
gap distribution. The kinematics of the hard processes are determined from R = 0.4 jets
reconstructed using the anti-k, algorithm. The statistical separation of the different processes
then allows for the first measurement of y + P — jets cross-sections in nuclear collisions
at the LHC. The rate for electromagnetic dissociation of On0n y + A — jets events is also
measured and compared to the analogous result from collisions with single-sided neutron
emission. These comparisons support the hypothesis that y + A — jets events without forward
neutron emission select a more peripheral class of y + A collisions.
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1 Introduction

In ultra-relativistic heavy ion collisions, the electromagnetic fields associated with the highly charged ions
provide an intense flux of photons that make possible the study of photon-induced scattering processes [1,
2]. At two-nucleus impact parameters (ba4) larger than the sum of the nuclear radii, hadronic interactions
between the nuclei are strongly suppressed, and the photon-induced processes, commonly referred to as
ultra-peripheral collisions (UPCs), dominate. UPCs in which the photon emitted by one nucleus scatters
off the opposing nucleus, photonuclear (y + A) collisions, probe the structure of that nucleus, particularly
at larger momentum transfer [3, 4]. Then, measurements of the scattering cross-section may provide direct
sensitivity to the nuclear parton distribution functions (PDFs) [5, 6]. Often, such hard processes proceed
via color exchange with the struck nucleus, and the resulting particle production typically fills the rapidity
region between that nucleus and the outgoing products of the hard scattering. The hard scattering process
has a high probability of exciting the struck nucleus, causing subsequent emission of “forward” neutrons
with rapidity approximately equal to that of the nucleus which emits them (|5| > 8) [7-9]. However, y + A
hard-scattering processes can also proceed via no net color exchange with the nucleus. Such “diffractive”
processes are dominated by coherent pomeron (P) emission from the struck nucleus. Coherent y + A
diffractive processes producing exclusive final states, especially vector mesons, have been extensively
studied [10-13], as they probe nuclear parton densities at low Bjorken-x, and may be sensitive to the
effects of gluon saturation. Non-exclusive final states in diffractive y + A scattering have received less
attention experimentally, but they may provide another valuable avenue for studying the low-x structure of
the nucleus [14, 15].

Photonuclear collisions producing two or more jets (see diagrams in Figure 1) have long been considered
a valuable tool for probing nuclear parton distributions [5, 6, 16], especially as the kinematics of the
outgoing jets provide a direct measurement of the longitudinal momenta of the particles entering the hard
scattering. Indeed, a recent measurement by ATLAS [3] of the non-diffractive y + A — jets (Figure 1a)
cross-section in /sy = 5.02 TeV Pb+Pb collisions at the LHC is sensitive to the nuclear PDF (nPDF) in
lead with precision better than 5% over a wide range of momentum fraction (x) and momentum transfer
(0?) that has only limited constraints from other measurements. Diffractive jet production (Figure 1b),
which was studied extensively in e + p collisions at HERA [17-20], is of great interest in nuclear collisions
as it provides sensitivity to previously unmeasured nuclear diffractive PDFs [14], which are expected to be
strongly suppressed by nuclear shadowing effects [21]. Also, photo-diffractive measurements involving
nuclei may provide insight on poorly understood factorization-breaking [14, 22] that may be enhanced
by the nuclear target [21]. Diffractive jet production will be a subject of intensive study in deep-inelastic
scattering at the future Electron Ion Collider (EIC) [23], and measurements in UPC processes will both
complement and lay the groundwork for those future measurements.

Diffractive and non-diffractive y + A — jets processes can be distinguished [3] through a combination
of neutron topology and rapidity gaps — regions in pseudorapidity with no hadron production. As noted
above, non-diffractive y + A collisions have a high probability for stimulating neutron emission from the
struck nucleus (a OnXn topology), while coherent diffraction has a high probability for leaving the nucleus
intact [7-9]. Thus, the measurement in Ref. [3] suppressed diffractive processes by requiring at least one
neutron to be emitted in the direction of the struck nucleus. By contrast, a measurement that requires no
neutrons in the direction of the struck nucleus will strongly suppress the non-diffractive y + A — jets
contribution, thereby allowing a measurement of the diffractive cross-section. It is possible, however, that
non-diffractive y + A scatterings may occur on the periphery of the nucleus and leave the nucleus intact [8,
9] (Figure 1c), providing a background to coherent diffraction. Such processes have been studied in greater
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Figure 1: Example Feynman diagrams describing the direct photon contribution to four UPC jet production processes,
three of which (b-d) contribute to 0nOn UPC jet production. The resolved photon processes contribute to this
measurement but are not shown here. (a) A non-diffractive y + A interaction that induces neutron emission in the
direction of the struck nucleus, (b) A diffractive interaction proceeding through y + P scattering which produces a
pair of jets, leaving a pomeron fragment to partially fill the rapidity gap between the jets and the pomeron-emitting
nucleus. (c) y + A interaction where the photon strikes a nucleon near the edge of the nucleus, producing a pair of jets
while leaving the nucleus intact. (d) A y + y interaction where both nuclei emit photons which produce a pair of jets.

detail in Ref. [24], as they may provide unique sensitivity to the impact parameter dependence of the nPDF.
A notable feature of non-diffractive y + A processes is that there are typically large gaps in the direction
of the photon-emitting nucleus and small or no gaps in the direction of the struck nucleus. In contrast,
diffractive y + A processes are expected to exhibit rapidity gaps in both directions [14, 25], with the larger
gap typically in the direction of the photon-emitting nucleus. Thus, an analysis of rapidity gaps can help
distinguish diffractive y + A — jets events from peripheral non-diffractive events.

Photonuclear measurements are often performed by requiring no neutrons in the direction of the photon-
emitting nucleus. This requirement takes advantage of the fact that the photon flux is dominated by coherent
emission that leaves the source nucleus intact [2, 26]. Then, y + A — jets events with no forward neutrons
in either direction — so-called 0nOn events — are expected to be dominated by a combination of diffractive
and peripheral non-diffractive scattering. A background to these measurements arises from two-photon
(y + y) scattering processes (Figure 1d) that may also produce jets and have a high probability of leaving
both nuclei intact. Thus, y + A — jets production with a OnOn topology would have contributions from
three processes whose Feynman diagrams are shown in Figure 1(b-d). These processes can be distinguished
by their different typical jet kinematics and by the different behavior of the rapidity gaps.

A well-known issue in using neutron topology to study UPCs is that excitation of one or both nuclei by the



long-range Coulomb fields of the nuclei — electromagnetic dissociation (EMD) — can stimulate additional
neutron emission, altering the forward neutron topology [27, 28]. In the case of a OnOn measurement,
events with extra EMD neutrons would be excluded. The probability for EMD emission of neutrons
depends on baa [10, 29-31], so calculations of the EMD rate (such as in Ref. [32]) necessarily depend on
assumptions regarding the impact parameter distribution. A separate measurement of “Xn0n” y + A — jets
with emission of neutrons in the direction consistent with the large, photon-associated gap — 0nOn + EMD
processes — is particularly helpful in constraining such calculations. In addition, a measurement of the
EMD rate in non-diffractive y + A — jets events without neutron emission from the hard-scattering process
provides sensitivity to the distribution of photon impact parameters with respect to the struck nuclei. If the
measured EMD rate is smaller in OnOn collisions than in OnXn, that would provide indirect confirmation
that the non-diffractive OnOn processes are truly “peripheral”.

This paper presents a measurement by ATLAS in Pb+Pb UPCs at /s = 5.02 TeV of ¥ + A — jets and
v + P — jets scatterings that have no forward neutrons, and have, thus, a 0nOn topology. A template-fitting
procedure is implemented to compute signal fractions for the different physical processes shown in
Figure 1 that contribute to 0n0On jet production. Using this procedure to statistically separate the different
components, the y + P — jets cross-section is measured double-differentially in the jet scalar sum pt and
jet system rapidity. The integrated cross-sections are compared to theoretical predictions corresponding to
different scenarios for the size of factorization-breaking effects. Additionally, the rate for EMD emission of
neutrons in what would otherwise be 0n0n y + A collisions is measured and compared to the corresponding
rate for OnXn y + A collisions.

The remainder of this paper is organized as follows: Section 2 describes the ATLAS detector; Section 3 lists
the relevant data and simulated event samples used in these results; Section 4 describes the reconstruction,
event selection, and data analysis methodology; Section 5 discusses the techniques used to perform
measurements of electromagnetic dissociation processes; Section 6 describes the systematic uncertainties;
Section 7 presents the results; and Section 8 draws conclusions from the presented measurements.

2 The ATLAS detector

The ATLAS detector [33] 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 superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting air-core
toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range |n7| < 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 (IBL)
installed before Run 2 [34, 35]. It is followed by the SemiConductor Tracker (SCT), which usually provides
eight measurements per track. These silicon detectors are complemented by the transition radiation tracker
(TRT), which enables radially extended track reconstruction up to || = 2.0. The TRT also provides

! ATLAS 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 (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is
defined in terms of the polar angle 6 as n = —Intan(6/2) and is equal to the rapidity y = % In (Ei—gz) in the relativistic limit.

Angular distance is measured in units of AR = /(Ay)Z + (A¢)2.



electron identification information based on the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range || < 4.9. Within the region || < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
calorimeters, with an additional thin LAr presampler covering |17| < 1.8 to correct for energy loss in material
upstream of the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter,
segmented into three barrel structures within || < 1.7, and two copper/LAr hadronic endcap calorimeters.
The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimized for electromagnetic and hadronic energy measurements, respectively.

The luminosity is measured mainly by the LUCID-2 [36] detector that records Cherenkov light produced
by charged particles passing through the quartz windows of photomultipliers located close to the beampipe.
Two zero-degree calorimeters (ZDCs) [37], located symmetrically at a distance of +£140 m from the
IP, measure neutral particles having || > 8.3. These are primarily neutrons emitted at small rapidity
separation from the incident nuclei. During Run 2 the ZDCs are tungsten-quartz sampling calorimeters
with a total of 4.4 interaction lengths of absorber.

ATLAS uses a two-level trigger system [38] with the first-level (L1) trigger system implemented in custom
hardware, and a software-based “high-level trigger” (HLT) running algorithms similar to those used in
offline analysis.

A software suite [39] 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.

3 Data and simulated event samples

This paper describes a series of measurements performed using 1.72 nb~! of Pb+Pb collision data at
VS = 5.02 TeV recorded in 2018 with the ATLAS detector. During the data-taking, the typical number of
hadronic interactions per bunch crossing was less than 0.005, while the rate for additional electromagnetic
interactions in the bunch-crossing of interest (EMD pile-up) is larger [27, 40, 41], causing forward neutron
emission from additional dissociative Pb+Pb collisions in up to 13% of bunch crossings throughout the
data-taking period.

The primary triggers used for the measurement impose requirements at L1 on the detected energy in the
central calorimeter and in the ZDCs in order to select 0nOn UPC events while vetoing hadronic Pb+Pb
collisions. In particular, the L1 triggers required the total transverse energy in the calorimeter, ), ET,
to satisfy 5 < ) Et < 200 GeV, and they rejected events having energy deposits consistent with one or
more neutrons in either ZDC. The triggers also required one jet above a given transverse momentum (p)
threshold in the HLT. The HLT jet triggers are based on the anti-k, algorithm [42, 43] with radius R = 0.4
applied to topological clusters [44] formed from energy deposits in the calorimeter. The lowest nominal pt
trigger threshold used in this measurement was 10 GeV, and it was fully efficient for single jets at 15 GeV
(20 GeV) for || > 3.2 (In| < 3.2). The efficiency for the HLT to fire on any of the jets in the final state
is greater than 98% for all events within the fiducial acceptance of the measurement. For 40% of the
sampled luminosity, the jet triggers were applied only over the pseudorapidity range || < 3.2, while
for the remaining data, the full range (|7'®'| < 4.9) was used. In order to measure the EMD rate of 0n0On
v + A — jets collisions, an additional sample was collected using the same jet trigger requirements but
with an L1 ZDC trigger requiring at least one neutron on exactly one side.



Several Monte Carlo (MC) samples were produced for this analysis using the PyTHiA 8 event generator [45,
46] for the three relevant physical processes: y + A — jets, v + P — jets, and y + y — jets. Final-state
stable particles, defined as those with ¢t > 10 mm, were then passed to a GEaNT4-based simulation of the
ATLAS detector [47, 48], the output of which was reconstructed in the same way as data. Equal numbers
of events were generated with photons propagating in the positive and negative z directions for both the
v + A and y + P samples. For each of the three samples, the photon flux is modified in order to match the
impact parameter distribution calculated by StarrLiGHT [26], and the simulated signal events include both
direct and resolved photon processes. The resolved photon case, where the photon interacts by fluctuating
to a hadronic state, requires additional modeling using the CJKL photon PDF set [49].

A large sample of y + A — jets events was produced using the methodology outlined in Ref. [3] using the
nCTEQ15 [50] nuclear parton distribution functions and the A14 set of tuned parameters [S51]. A sample
of v + y — jets was produced using the default PyTHia 8 configuration with a photon flux corresponding
to coherent emission by a lead nucleus.

The ability to simulate hard diffraction using a configurable pomeron flux was added in PyTHia 8.308 in
order to simulate y + PP — jets processes with coherent nuclear pomeron emission. The pomeron flux is
described using the Streng-Berger parameterization [52, 53]:

Bt
XPf(XyD,T) :APW (1)
P

Here, f(xp,1) is the pomeron flux, xpp is the pomeron energy fraction relative to the emitting nucleus, and
t is the negative momentum-transfer squared. The B parameter typically characterizes the transverse size
of the pomeron emitter. For the proton, fits to diffractive deep-inelastic scattering from H1 [54, 55] yield
parameters B = 5.5 GeV_z, @’ =0.06GeV ~2, and € = 1.118. For this analysis, PyTHiA 8 was run with €
and o’ unmodified while using a nominal B parameter, Byom = 200 GeV 2. This value was derived by
matching the pomeron ¢ distribution to the nuclear form factor of lead. This modification to the pomeron
flux also softens the xpp distribution, such that the typical P and photon energies in y + P interactions are
very similar, consistent with the expection for both being coherently emitted by a lead nucleus.

4 Analysis

4.1 Event reconstruction and selection

Charged particle tracks in the ID are reconstructed over |'| < 2.5 using the same methodology applied in
minimum-bias proton—proton measurements [56]. Topological clusters (topo-clusters) are reconstructed in
the pseudorapidity region |1°!| < 4.9 from energy deposits in calorimeter cells [44]. Particle-Flow jets [57]
are reconstructed from combined calorimeter and tracking information using the anti-k; algorithm [42]
with radius parameter R = 0.4 as implemented in the FastJet [43] package. A dedicated jet calibration,
derived for detector conditions in UPC [3] collisions using methods described in Ref. [58], is applied,

Offline requirements are applied to select events recorded during stable running conditions of the LHC that
have no detector hardware or readout errors and that are not consistent with beam-induced backgrounds [3].
UPC jet production events are selected from the triggered sample using a combination of offline jet, ZDC,
and rapidity gap requirements. In particular, every event must have at least two reconstructed jets satisfying
the fiducial requirements: p]Tet > 15 GeV and || < 4.4. From all jets passing these requirements in a
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Figure 2: The correlation between the number of charged tracks (Nc,) and the maximum single-sided sum of rapidity
gaps (3. An) for events with at least two jets passing all other trigger and fiducial requirements. The sample of
events at small ). An with a wide distribution in N, corresponds to the background from hadronic Pb+Pb collisions,
which is removed by the selection . An > 2.5.

given event, the total scalar transverse momentum (Hr), rapidity (yjets), and mass (mjes) are computed
as:

Hr = ZPT;‘, ()
f
) 51172
Mjets = (Z E| - || (3)
: ;
1 i Ei + Zipzi)
s = = In| =————— |, 4)
Yiets 2 (Zi Ei =Dz

where i runs over the N measured jets in the event that satisfy the fiducial requirements, E and p represent
jet energies and momentum vectors, respectively, and p, represents the longitudinal component of each
jet’s momentum. An additional requirement of 0.9 < mjes/Ht < 4 is imposed, consistent with Ref. [3], to
reduce contamination from jets not originating from the primary hard-scattering process.

The sum of rapidity gaps (2 An) is computed using the methodology of Ref. [3] from a combination of
charged particle tracks and topo-clusters, both required to satisfy pt > 0.2 GeV. Specifically, > An is
computed separately for each side of the detector as the sum of all rapidity gaps greater than 0.5 units
between the edge of the detector and the nearest jet. To exclude hadronic Pb+Pb collisions, i.e. typical
collisions with nuclear overlap, the larger of the sums between the two sides (3. An) is required to satisfy
>~ An > 2.5. For a 0nOn topology, this selection achieves a better rejection of hadronic collisions than in
OnXn measurements [3] because hadronic Pb+Pb collisions rarely occur without forward neutron emission.



Table 1: Jet and event selections applied in the measurement 0n0n UPC jet events. The quantities E and Ec are the
ZDC energies on the A or C sides of the ATLAS detector, respectively.

Jet Event

pr > 15GeV | ZDC 0nOn: Ex < 1 TeV and Ec < 1 TeV
P < 4.4 Niet > 2

0.9Ht < Miets < 4Ht

Y. Ap>25

The impact of the ;. An selection is shown in Figure 2, which demonstrates the correlation between
>~ An and the multiplicity of charged tracks, N, defined as the number of reconstructed tracks satisfying
In"| < 2.5 and p¥ > 0.2 GeV. The higher-multiplicity events at low . An and peaked at >, Anp = 0
correspond to the hadronic Pb+Pb collision background removed by the selection at ). Anp > 2.5.

To select OnOn collisions, a veto is applied on events having a reconstructed energy in either ZDC greater
than 40% of the beam energy per nucleon, i.e. more than 1 TeV. This requirement augments and tightens
the requirement applied to the ZDCs in the trigger. All of the requirements used to select 0nOn UPC jet
events are summarized in Table 1.

4.2 Jet system kinematic variables

Due to the dominance of coherent pomeron emission from the lead nucleus, the pomeron and photon
energies in y + P — jets events are similar, yielding an approximately symmetric yjets distribution, despite
the asymmetric collision system and gap topology. Thus, the cross-sections of y + P — jets events are
measured as a function of the symmetric variable, |yjes|. Non-diffractive y + A collisions, however, are
intrinsically asymmetric, as the photon energies are usually much smaller than the longitudinal momenta
of the struck partons. Thus, to properly describe the physics of the partonic scattering, it is useful to
define jet kinematic variables that take advantage of this asymmetry. In particular, for OnOn collisions, the
energy asymmetry implies that for sufficiently large |yje|, the nucleus-going side of the collision may be
identified with the direction of yjes. This assumption is valid for more than 99.9% of the studied events
with |yjes| > 1 in the y + A — jets MC sample. Two momentum fractions are defined as a function of
|yjetsl and Mijets:

ni; ni;
Jets gy o jets L
7. = ——¢ |YJets|, Xy = _e+|YJets| . (5)

\Y, SNN V SNN

Neglecting additional radiation and contributions beyond leading-order, these correspond to fractions of
the beam momentum carried by the hard-scattering participants from the photon-emitting nucleus (z_)
and struck nucleus (x). These variables are analogous to z,, and x4 defined in Ref. [3] for collisions that
exhibit a OnXn topology. However, they differ from z,, and x4 since without ZDC information to determine
the photon-going direction of the collision, the direction must be inferred from the sign of yjes.

4.3 Background subtraction

The relative contributions of vy + A, ¥ + PP, and y + 'y processes to the total OnOn cross-section are assessed
via a template-fitting procedure. To perform these fits, the single-sided An, variable is defined as the
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Figure 3: A diagram illustrating how An; is calculated for a typical y + A — jets event. Tracks and topo-clusters are
indicated by green and black points, respectively, while jets are shown as blue circles. The Az variables computed on
both sides of the detector are shown, where Az, is the gap from the detector edge to the nearest track or topo-cluster,
while An, is the gap from the detector edge to the second-closest track or topo-cluster.

pseudorapidity interval between the edge of the ATLAS detector (7 = +4.9) and the second-closest track
or topo-cluster on a given side of the detector. Because tracks and topo-clusters resulting from particle
production rarely occur in isolation while clusters arising from calorimetric noise often do — see Figure 3
for an illustration — computing the rapidity gap relative to the second-closest track or topo-cluster, rather
than the closest, reduces the sensitivity of the gap variable to noise, without losing sensitivity to the
physics. After calculating An, for both sides of the detector, template fits are performed as a function of
the minimum An; between the two detector sides, An3. These template fits are binned in two different
sets of jet kinematic variables: (|yjess|, Ht) for y + P measurements and (z_, x;) for measurements of the
EMD rate in y + A processes.

The gap distributions measured in data are modeled as the sum of three components, corresponding to the
three processes that contribute to 0nOn UPC jet production: vy + A — jets, y + P — jets, and y + y — jets.
The y + A — jets template is taken directly from OnXn data in the corresponding kinematic interval and is
treated as pure y + A — jets signal. However, since the residual hadronic collision background is slightly
larger in the OnXn template and concentrated entirely at the lowest An5 values, the first bin of the data
distribution is excluded from the fit. For the y + P — jets and y + ¥y — jets processes, no pure data-driven
templates are available, so the templates are obtained from the corresponding Pytaia 8 MC samples.



Figure 4 demonstrates the performance of the An; template-fitting procedure; each panel corresponds to a
different |yjes| bin, inclusive in Ht. Several features are visible in the template fits, including a dip around
Ans = 1.7, corresponding to the transition between the ATLAS forward calorimeter and hadronic endcap
regions. The impacts of any imperfections in the template-fitting procedure on the derived signal fractions
are assessed when determining systematic uncertainties, as discussed in Section 6. The first bin of the fit
is excluded from the chi-squared calculation due to its different sensitivity to the cut-off at the edge of
the ATLAS detector. Figure 5 shows the signal fractions obtained from the template fits as a function of
|yjets|- The results reflect the kinematics of the different processes: y + P — jets and y +y — jets are
more balanced in energy and thus peaked near yjes = 0, while y + A — jets is more imbalanced in energy,
causing it to dominate the forward region. These results also demonstrate the reason for an upper bound at
|Vjets| = 1.5 for the y + P — jets measurement, namely that the backgrounds grow proportionally too large
to effectively extract the signal.

After performing the template fits in bins of |yjes| and Hr for the y + P — jets measurement, the resulting
signal fractions are smoothed using a two-dimensional Gaussian kernel procedure. The y + P — jets
signal fractions obtained from the fits and the smoothed results are shown as a function of |yje| in bins of
Hrt in Figure 6. The smoothing allows the signal fractions to be translated from the binning used for the
template fits to the bins used to compute the vy + P — jets cross-sections. These signal fractions generally
decrease with increasing |yjeis| and Ht. The trend in |yjes| is explained by the different energy balance in
v + A — jets events that dominate at forward rapidity. The trend with Ht indicates that the y + A — jets
Hr distribution falls less steeply than that of the y + P — jets case.

Figure 7 shows the luminosity-normalized yields — i.e. cross-sections without unfolding corrections — of
v + A — jets with a OnOn topology as a function of x; and z_. The dashed lines indicate how different jet
kinematics map onto the x,—z_ space. The dashed line at yjes = O in particular corresponds to x; = z_
and indicates the constraint imposed in the definition of the variables x; > z_: the photon-going direction

is aligned with the direction of yjers. A more complete assessment of the unfolded results and their ratio to
the OnXn cross-section is provided in Ref. [24].

4.4 Data corrections and unfolding

Event-by-event corrections are applied to the data to account for imperfect efficiencies of the trigger and
rapidity gap selections. Possible trigger inefficiency arises from three sources: the .1 ZDC selections,
L1 } Et thresholds, and HLT jet requirements. Figure 8 shows the ZDC trigger efficiency as a function
of ZDC energy for each side of the ATLAS detector (labeled sides A and C), overlaid with the energy
distribution of neutrons. Here, sides A and C denote the +z and —z sides of the ATLAS detector, in the
coordinate system defined in Section 2. The ZDC trigger efficiency on either side of the detector is studied
using triggers which select events in the ZDC on the opposite side, derived from a high-statistics sample of
ZDC calibration data taken during the same period as the data in this measurement. The offline selection to
differentiate On and Xn topologies is 1 TeV, corresponding to 40% of the beam energy per nucleon. These
results indicate that for events with exactly one neutron, the trigger is highly efficient (~ 95%) and for all
other events, it is fully efficient, yielding an overall efficiency of greater than 99.9% for selecting 0nOn and
OnXn events. The efficiency of the L1 )} Et and jet requirements rise rapidly at low Hr, such that both are
at least 98% efficient in the fiducial region, Ht > 35 GeV, for which a correction is applied. The efficiency
of the )}, Anp > 2.5 requirement is assessed using PytHia 8 MC samples for non-diffractive and diffractive
events, and the data are corrected for any inefficiency. The largest such correction in the fiducial region is
less than 5%. An additional normalization correction accounts for independent Pb+Pb EMD scatterings
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contribution.
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Figure 5: The fraction of jet events resulting from y + A, ¥ + P, and y + y processes, extracted from template fits
of the AnJ distributions. Error bars represent statistical uncertainties, and the shaded bands represent systematic
uncertainties. These fractions are reported for template fits integrated over the full fiducial region in Ht in order to
improve their statistical precision.
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that occur in the same crossing as an event of interest. Corrections are derived using the methodology from
Refs. [59, 60], and the resulting correction to the normalization, averaged over all signal events, is 13(7)%
for the 0nOn (OnXn) topology.

The fully corrected differential yields for the y + A — jets and y + P — jets samples are then obtained.
They are unfolded with a Bayesian unfolding procedure [61] implemented in RooUnfold [62], to correct
for residual detector effects. The unfolding of the y + P — jets yields is performed in two dimensions as a
function of |yjes| and Hr, with the fiducial region consisting of six linear bins in |yjes| from 0 to 1.5 and
four logarithmic bins from 35 to 150 GeV in Ht. For the reported cross-sections, the last two Ht bins
are merged to improve the statistical precision. Unfolding corrections to the y + P cross-sections vary
between 30% and 5%, decreasing at larger |yjeis|. The y + A — jets yields used to compute the EMD
fraction are unfolded three-dimensionally in Hr, x, and z_, using bins identical to those from the previous
measurement of this quantity described in Ref. [3]. These results are integrated over the same wide regions
in x4 (0.015 < x4 <0.2) and Ht (35 < Ht < 150 GeV) to compute the ratios. Statistical uncertainties on
the unfolded results are computed using 1000 stochastic variations of the data and response matrices.

5 Electromagnetic dissociation

Iny + A — jets scattering processes with both nuclei nominally intact, the event’s ZDC topology may be
modified by Coulomb excitation and subsequent decays of either nucleus, which may produce additional
neutrons. The fraction of events with such an EMD process where the photon-emitting nucleus dissociates,
nyMD, is of particular interest. It serves as both a correction applied to the data and a method of constraining
the typical impact parameter relative to the center of the struck nucleus (b5) of OnOn v + A — jets events,
due to its direct correlation with baa (see Refs. [10, 29-31]). To measure ngD, one exploits the fact
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Figure 8: The ZDC trigger efficiency (black) compared to the re-scaled ZDC energy distribution (blue) for (a) the
A-side and (b) the C-side of the ATLAS detector. Results are derived from a dedicated high-statistics sample of ZDC
calibration data from the same data-taking period as the other results in this paper. The energy distributions are
normalized by the total number of events plotted, and a dashed line marks the beam energy per nucleon, 2.51 TeV.
The slight increase in the trigger efficiency for small but non-zero energies results from residual activation of the
ZDC absorber that can produce pulses that fire the trigger but are excluded from the offline energy measurement with
the result that the calibrated energy is small or zero. These events have negligible impact on the OnOn measurement
but appear in the efficiency due to the extremely low rate of true low-energy events in the ZDC.
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that events with neutrons in the direction opposite to that indicated by yje;s are dominated by peripheral
v + A processes in which the photon-emitting nucleus also emits EMD neutrons. Since the direction of
forward neutron emission in such events is random, events with neutrons present in the same direction as
that of the photon-emitting nucleus reverse the ZDC topology of typical OnXn vy + A — jets collisions,
making them distinguishable from the much larger “true” OnXn contribution. These “reverse” events
(XnOn events) are selected by requiring the sign of yjets to be opposite to the direction of the detected
forward neutrons. To further reduce contamination from “true” OnXn y + A — jets events, an additional
rapidity gap requirement is imposed of An;y > 2.5, Ar]’z4 < 3, where Ang and Ang‘ align with the On and
Xn sides, respectively. A sample of OnOn events without EMD is selected using the same An; and An‘z“
selections, and the fraction of peripheral y + A — jets events accompanied by EMD is computed as:

rev.
f7 = dO’/dZ_lann
EMD ™ do /dz_ [, + do/dz_|onon

(6)

where do-/dz_[onon is the cross-section measured in the 0n0n sample as a function of z_ and do-/dz_ |}

is the cross-section measured in the Xn0On sample as a function of z_. Crucially, since do/dz_[¢", s
measured only for events with neutrons on the side of the photon-emitting nucleus, it is sensitive only to the
half of EMD events where the photon-emitting nucleus dissociates. This restriction makes the definition
analogous (but not identical) to (1 — f;,0 BU), Where fyopu is the no-breakup fraction measured in Ref. [3].
This quantity provides a measurement of the EMD rate of the photon-emitting nucleus for events with a

OnXn topology.

While the fraction of v + A — jets events where the photon-emitting nucleus dissociates may be measured
in both 0n0n and OnXn collisions, the measured quantities are not directly comparable. In the OnXn case,
additional EMD of the photon-emitting nucleus transitions the event to an XnXn topology, regardless of
whether the struck nucleus also undergoes EMD. In the OnOn case, however, the transition to OnXn occurs
only when the photon-emitting nucleus alone dissociates; events where both nuclei dissociate (mutual
EMD) cannot be measured, so they are not present in the numerator or denominator of Equation 6. Thus,
the OnXn measurement includes mutual EMD while the OnOn measurement excludes it. While measuring
correlated EMD of On0On events is impossible, a correction and associated uncertainties were derived to
account for these effects. This correction is applied to the ngD measurements and theory predictions for
OnXn collisions. For further details on this procedure, see Appendix A.

6 Systematic uncertainties

Systematic uncertainties on the measured cross-section ratios are assessed to account for effects arising
from the event selections, jet energy measurement, sensitivity to the unfolding prior, and signal fraction
determination. The event selection uncertainties are assessed for the gap requirement (3. An > 2.5) using
the same procedure as Ref. [3], where it is tightened by 0.5 units to 3. An > 3.0 and both the cross-sections
and efficiency corrections are re-computed accordingly. The jet response uncertainties are propagated
from the variations derived in Ref. [3], following the standard ATLAS jet calibration procedure for Run
2 [58]. To derive these uncertainties, the jet energy is varied when constructing the response matrices to
account for uncertainties in the jet energy scale (JES) and resolution (JER). The results unfolded with the
varied response are compared to the nominal results. An additional uncertainty on the jet energy scale is
assigned to account for the transfer of the v + A jet calibration to the y + P system. The uncertainty due
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to residual sensitivity to the unfolding prior is determined by re-weighting the prior distribution in the
response matrices to match the reconstructed data. The data are then unfolded again with this modified
response matrix and compared to the nominal result.

Imperfections in the template fitting procedure used to extract the signal fractions shown in Figure 4
introduce some systematic uncertainty on the cross-section measurement. First, to assess sensitivity to
possible mismodeling in the tails of the distributions, the fit range is varied by removing two additional bins
at the low end in A5 or five bins at the upper end. Uncertainties are also applied to account for imperfect
modeling of the topo-cluster reconstruction in simulation. An additional variation is applied where the
proportion of direct and resolved photon events in the y + y template is varied to match the fractions
observed in Ref. [3]. An additional uncertainty is assigned to account for potential mismodeling of the
v + PP template shape by re-weighting the ¢ distribution corresponding to variations in the B parameter from
Equation 1. The B parameter is expected to scale as the square of the ratio of the pomeron emitter radius,
as observed in the slopes of elastic diffractive p® photoproduction measured by H1 [63] and STAR [64]
with a proton or gold target, respectively. Such a scaling by the radii Rp,/R, = 6.5 yields a value of
B = 235 GeV 2 that differs from Bpom = 200 GeV 2, derived from fitting the nuclear form factor, by
AB = 35 GeV 2. Since Byom is found to better describe the shape of the |yjes| distribution in data, it is
used for the nominal results. The uncertainty on modeling the pomeron flux in hard diffraction from nuclei
is assessed by varying B to 165(270) GeV~2 for the upward (downward) direction.

The uncertainties on the signal fractions are propagated to re-derive cross-sections for each process, which
are then unfolded and compared to the nominal distribution to estimate the systematic uncertainties. While
the uncertainty is typically smaller than the systematic uncertainties arising from the jet response near
mid-rapidity, it grows in the forward region, becoming comparable to or larger than the JES uncertainty.
The two largest contributors to the signal fraction uncertainty are the lower truncation in the fit range
and the diffractive shape variation. The dominant source of signal fraction uncertainty in this region is
imperfect modeling of the shape of the y + P An5 distribution, which impacts the relative contribution of
v + A and y + P processes, particularly at large |yjes|.

Figure 9 shows how the different sources of systematic uncertainty contribute over the range in |yjes|. The
dominant systematic uncertainties arise from the jet energy scale measurement, where the uncertainty on
the jet calibration transfer from y + A — jets to y + P — jets, assessed as the full difference in MC-derived
calibration factors between the samples, is the largest component. In the forward region, the signal fraction
uncertainty is largest, while the systematic uncertainties on the jet energy scale remain substantial. While
Figure 9 shows the uncertainties integrated in Hr, Figure 6 indicates that the signal fraction uncertainty
grows for large Ht, because the contribution from y + P — jets processes becomes more challenging
to constrain in kinematic regions with fewer events. The jet response uncertainty components, aside
from the calibration transfer, and the diffractive shape component of the signal fraction uncertainty are
treated as fully correlated between bins. All other components are treated as uncorrelated. Two additional
components of fully correlated uncertainty impact the overall normalization: the luminosity measurement
and the correction for EMD pile-up. The luminosity uncertainty for the full 2018 Pb+Pb dataset is 2.0%,
derived using methods described in Ref. [65], using the LUCID-2 detector for the baseline luminosity
measurements [36]. The uncertainty on the absolute cross-section arising due to the correction for EMD
pile-up is obtained by varying the Pb+Pb dissociative cross-section within its uncertainties [27]. This
variation yields a fractional uncertainty of 1.2%.
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Figure 9: The fractional uncertainties on the y + P — jets cross-sections as a function of |yje| from different sources
of systematic uncertainty which contribute in this measurement. The jet energy scale systematic is dominant near
mid-rapidity, but larger uncertainties on the signal fraction overtake it in the forward region. The fully correlated
scale uncertainty is +17.3% is composed of +14.5% (JES) £6.7% (JER) £6.2% (Sig. Frac.) +1.2% (EMD pile-up)
+2.0% (Luminosity).

7 Results

The fully unfolded Ht-integrated cross-sections for coherent y + P — jets production as a function
of |yjeis| are shown in Figure 10, and the Hr-differential cross-sections are shown in Figure 11. Both
results are measured over the range |yjes|] < 1.5 and provide the first measurement of diffractive jet
production in coherent photonuclear interactions. The |yje|-differential cross-sections are compared
to next-to-leading-order (NLO) theoretical predictions [14], calculated in two different scenarios for
the strength of factorization-breaking [22] effects. The shape of the data distribution differs from the
predictions, indicating that the modeling of the coherent pomeron flux may require modification before
quantitative conclusions about factorization-breaking can be drawn from these data. Improved modeling of
the pomeron flux may also provide sensitivity to other phenomena influencing these cross-sections, such as
the pomeron PDFs. The relative systematic uncertainty increases for |yjes| > 1, particularly at large Hr,
due to difficulty constraining the relative contributions of the y + A and y + P contributions in intervals
with few y + P events.

Figure 12 compares the fully unfolded ngD for OnOn collisions with the corresponding quantity measured
for OnXn collisions in Ref. [3]. For a proper comparison, the OnXn fractions are corrected for the impact
of correlated EMD on the ratio (cgy,p,), as described in Section 5. An additional theoretical uncertainty
is also applied to the OnXn data due to uncertainty on cf\,. These results indicate that the 0n0n events
exhibit a lower overall rate for EMD than the OnXn events. Since the EMD rate is correlated with the
sampled baa [26, 30], this observation provides evidence for the hypothesis that 0n0n collisions probe
larger typical baa than OnXn collisions. Since the 0n0On selection would not be expected to modify the
photon flux, this observation also supports the interpretation that 0nOn events select peripheral v + A

collisions (larger b,). This result is particularly important for the interpretation of results in Ref. [24],
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Figure 10: The Hr-integrated cross-sections for y + P — jets production which are fully unfolded to correct for
detector response. The systematic uncertainties are shown as shaded bands, and vertical lines represent the quadrature
sum of the statistical and systematic uncertainties. The fully correlated component of the systematic uncertainty is
subtracted from the bin-to-bin contributions and denoted by the data scale uncertainty. NLO theory predictions [14]
are shown as blue or red lines. The bottom panel shows the ratio of the different predictions to the data, with total
and systematic uncertainties shown as shaded yellow or gray bands, respectively, where the yellow is nearly identical
to the gray in most bins. Ratios are computed by averaging the results of two bins in order to take the ratio with
respect to the less granular theoretical predictions.
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where detailed comparisons of the OnOn and OnXn y + A — jets cross-sections are used to probe the
dependence of nPDF modifications on b .
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Figure 12: The fraction of y + A — jets events in which the photon-emitting nucleus breaks up due to EMD as
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respectively. Theoretical calculations for the 0nXn sample are also shown from Ref. [32] as a blue line. Both the
OnXn data and theory calculation are corrected for correlated EMD effects.

8 Conclusions

In summary, ATLAS has studied the cross-section for photoproduction of jets in ultra-peripheral 5.02 TeV
Pb+Pb collisions in which both nuclei remain intact. The lack of nuclear breakup is determined by
the absence of beam-rapidity neutrons in ZDCs. The y + A — jets, ¥y + P — jets, and y + y — jets
contributions to the OnOn cross-section are statistically separated using a template fit to rapidity gap
distributions. This procedure enables the first measurement of the inclusive y + P — jets cross-section in
nuclear collisions. The y + P — jets cross-section is presented as a function of the jet system rapidity and
compared to predictions from NLO perturbative QCD calculations for different scenarios for the strength
of factorization-breaking. The theoretical comparisons capture the overall scale of the cross-section
well, but the data shows a somewhat broader |yjes| distribution than the predictions. The evolution of
the cross-section with Hr is measured, in addition to the Hr-integrated |yjes|-dependence, to provide
additional information for improving theoretical models.

The rate of electromagnetic dissociation of the photon-emitting nucleus is measured for OnOn collisions
and compared to the corresponding rate in OnXn collisions, after correcting for the effects of correlated
mutual EMD. The 0n0On events exhibit a systematically lower EMD rate than OnXn events, providing
evidence for the hypothesis that 0n0n collisions probe larger typical nucleus-nucleus impact parameters.
Since the 0nOn selection does not modify the photon flux, this also supports the interpretation that 0nOn
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collisions preferentially strike nucleons near the edge of the target nucleus, providing sensitivity to the
impact parameter dependence of nuclear parton distributions.

These results demonstrate the potential of OnOn ultra-peripheral collisions as a tool for studying both
diffractive and peripheral non-diffractive y + A processes. While these results provide a first measurement
of y + P — jets processes in heavy ion collisions at the LHC, future measurements with improved statistical
and systematic precision from both LHC Run 3 and the HL-LHC may enable more detailed studies of
factorization-breaking in coherent nuclear diffraction. These phenomena will be explored even further
at the EIC, where it will be possible to exploit the ion-going neutron topology to study diffractive and
peripheral non-diffractive y + A processes in even greater detail. These measurements provide both an
important step forward in understanding hard diffraction in nuclei and a critical test for a new method of
probing the dependence of nPDF modifications on impact parameter.
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Appendix

A Correction for correlated electromagnetic dissociation

As discussed in Section 1, a comparison of EMD breakup fractions ( ngD) in OnOn and OnXn processes
may provide valuable insight on the (relative) baa distributions for the two processes. However, the
EMD rate measured in 0n0On collisions is computed for events where only the photon-emitting nucleus
dissociates, while for OnXn collisions, it is computed for events where the photon-emitting nucleus
dissociates, irrespective of whether the other nucleus would undergo electromagnetic dissociation. While
it is impossible to measure the exact same quantity in 0nOn and OnXn collisions, a correction for the
difference in the processes accounted for in ngD may be derived. Two approaches are used to estimate
the impact of mutual EMD: a phenomenological approach deriving corrections from y +y — £* + £~
measurements [59, 60] and a theory-driven calculation of mutual EMD in y + A — jets events.

In the first approach, the desired correction is estimated by assuming that the rate for additional EMD in
v+ vy — {* + {~ processes primarily reflects the typical b of the collision. Under this assumption,
collisions with similar ngD sample the same (ba ) values and, thus, experience the same correlated EMD
effects, irrespective of the hard process. Then, it is possible to derive a correction factor (¢ ;) to fEMD
OnXn collisions which allows it to be directly compared to the analogous quantity in 0n0On collisions. Such
a correction factor is defined as:

v,0nXn
_ EMD
fEMD - em (fy ,0n0n )
EMD \JEMD
Here, nyMD is equivalent to the measured quantity derived in Equation 6. The variables ng?SX"

Eyl\’,?]';o" are the un-corrected equivalent quantities to f7,,5 as measured in OnXn or OnOn y + A — jets

collisions, respectively. In the OnOn case, ngD and £ 10n are the same ( ngD fr 0no"). Although

EMD EMD
v,0n0n . . v,0nXn
CEmp 18 determined as a function of fy " in each bin of z_, the correction factors are applied to fzy

measurements from Ref. [3]. In order to derive the correction factor, g\, one may calculate the single
and mutual EMD rates in y + y — £* + ¢~ measurements, in order to relate them to the corresponding
rates in y + A collisions. The relationship between the rates is found to be:

y,OnOn _ f OnXn
EMD

®)

= fou OnXn 2fsn XnXn
where ng?gO" is the equivalent EMD rate measured for OnOn y + A processes, and the quantities f;”
and f oxn are the fractions of y +y — €% + £~ collisions which are measured in that corresponding ZDC
topology. Using this relationship, the correction factor, cj\ 1y, which applies to y + A interactions is derived
according to:

YY YY
( v,0n0ny _ JOnXn XnXn (9
cemp(femp ) = 5 pronon )
fEMD

Since the different neutron topology fractions are measured for different dilepton kinematics, each set of

kinematics probe a slightly different ba 4 distribution. The available data cover a range in nyMS "
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Figure 13: Correction factors for electromagnetic dissociation computed through both a data-driven method and
theoretical calculation. The black and blue markers show the binned results calculated from measurements of
vy+vyv > ut+u” andy+y — e + e, respectively. The lines represent combined statistical and systematic
uncertainties. The red line shows the result of a linear fit to this data. The green line shows the result of a theoretical
calculation for this correction factor which uses STARLIGHT [26] to compute the probability for EMD as a function of
b AA-

about 0.05 to 0.2. Results for cgy,p ( fgh’,?gon) are shown in Figure 13. The dependence of cf,;,on gl\’fgonis
approximately linear, and the results of a linear fit are shown in the figure. That fit is used to provide the

correction factors applied to the OnXn data.

In the second approach to estimating cgy ., theoretical calculations are performed using STARLIGHT [26] to
compute the EMD probabilities as a function of ba4. Then, by integrating over the two-nucleus impact
parameter, accounting for the nuclear thickness, and multiplying by the EMD probability corresponding to
a given neutron topology, the effective photon flux for each EMD case is computed. These photon fluxes
are then used to re-weight the nominal PyTthia 8 MC sample and derive ¢y, directly, by computing ngD
in both the OnOn and OnXn cases, then taking the ratio. These correction factors are also highly linear

in 7’0"0", and they are compared to the separate results from the above procedure in Figure 13. The

EMD
two methods yield different results for ¢y fgl\’/?gon), reflecting different underlying assumptions and

sensitivity to theoretical models. The correction factor used for this analysis is taken to be the average of
the two estimates, and an uncertainty, corresponding to half the difference between the two calculations, is

applied. The impact of this correction is to decrease the corrected ngD from the measured fg]\’fgxn
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