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The ATLAS detector
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ATLAS detector
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● Large general-purpose detector 
with almost 4π coverage

● η = − log(tan(θ/2))
● Inner detector |η| < 2.5
● Muon system |η| < 2.7 (trig. 2.4)
● Calorimetry up to |η| < 4.9
● Zero-Degree-Calorimeters 

(ZDC) capture neutral particles 
with |η| > 8.3

ATLAS is a large general-purpose detector with 
almost 4𝜋 coverage: 

• Inner detector: |𝞰| < 2.5 

• Muon system: |𝞰| < 2.7 (trigger < 2.4) 

• Calorimetry: |𝞰| < 4.9, including FCal: 3.2 < |𝞰| < 4.9 

• ZDCs capture neutral particles at |𝞰| > 8.3
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Small-x physics with ATLAS heavy ion data
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Introduction t t̄ production in Pb+Pb Jets in UPCs without nuclear break-up bA-dependent nPDFs in UPCs

Nuclear PDFs

! Top quarks and UPC jets provide novel
probes of nuclear parton distribution
functions (nPDF).

! A selection of world data constraining
nPDFs is shown on the (x ,Q2) plane.

! ATLAS covers a broad range of kinematic
phase space.

• t t̄ production in Pb+Pb collisions
PRL 134 (2025) 142301

• jets in UPCs without nuclear break-up
arXiv:2604.24435

• bA-dependent nPDFs in UPCs
arXiv:2604.20559

HP 2024 B. Gilbert
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ATLAS UPC coherent J/𝜓

At LHC energies, nuclei amplify small‑x QCD in two ways:  
• Large gluon densities in nuclear targets 
• Intense Z2-enhanced quasi-real photon fluxes in UPCs 

ATLAS heavy ion handles: 
• UPC jets: high-Q2 probes, impact-parameter dependent nuclear modifications 
• Coherent J/ψ: low-Q2, small-x nuclear gluons 
• p+Pb dijets: centrality bias and color fluctuations 
• 𝛄+A collectivity: bridging small-x initial states and final-state response



UPC jets

Ultra-Peripheral Collisions (UPCs)
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ZDC tagging of nuclear break-up
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Introduction
Many measurements can be tagged using Zero-Degree-Calorimeter.

This allows to identify excited Pb nucleus through measurements of emitted neutrons.

– 0n0n are “more ultraperipheral” than XnXn.

– Allow to identify Pb-going side and photon-going side in rapidity dependent 

measurements. 

more 

ultraperipheral
less 

ultraperipheral

even less 

ultraperipheral
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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 0𝐿0𝐿 UPC jet production. The resolved photon processes contribute to this
measurement but are not shown here. (a) A non-di!ractive 𝑀 + 𝑁 interaction that induces neutron emission in the
direction of the struck nucleus, (b) A di!ractive interaction proceeding through 𝑀 + 𝑂𝑃 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) 𝑀 + 𝑁 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 𝑀 + 𝑀 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-di!ractive 𝑀 + 𝑁 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,
di!ractive 𝑀 + 𝑁 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 di!ractive 𝑀 + 𝑁 → jets events from peripheral non-di!ractive 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, 𝑀 + 𝑁 → jets events with no forward neutrons
in either direction – so-called 0𝐿0𝐿 events – are expected to be dominated by a combination of di!ractive
and peripheral non-di!ractive scattering. A background to these measurements arises from two-photon
(𝑀 + 𝑀) scattering processes (Figure 1d) that may also produce jets and have a high probability of leaving
both nuclei intact. Thus, 𝑀 + 𝑁 → jets production with a 0𝐿0𝐿 topology would have contributions from
three processes whose Feynman diagrams are shown in Figure 1(b-d). These processes can be distinguished
by their di!erent typical jet kinematics and by the di!erent 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
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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 0𝐿0𝐿 UPC jet production. The resolved photon processes contribute to this
measurement but are not shown here. (a) A non-di!ractive 𝑀 + 𝑁 interaction that induces neutron emission in the
direction of the struck nucleus, (b) A di!ractive interaction proceeding through 𝑀 + 𝑂𝑃 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) 𝑀 + 𝑁 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 𝑀 + 𝑀 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-di!ractive 𝑀 + 𝑁 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,
di!ractive 𝑀 + 𝑁 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 di!ractive 𝑀 + 𝑁 → jets events from peripheral non-di!ractive 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, 𝑀 + 𝑁 → jets events with no forward neutrons
in either direction – so-called 0𝐿0𝐿 events – are expected to be dominated by a combination of di!ractive
and peripheral non-di!ractive scattering. A background to these measurements arises from two-photon
(𝑀 + 𝑀) scattering processes (Figure 1d) that may also produce jets and have a high probability of leaving
both nuclei intact. Thus, 𝑀 + 𝑁 → jets production with a 0𝐿0𝐿 topology would have contributions from
three processes whose Feynman diagrams are shown in Figure 1(b-d). These processes can be distinguished
by their di!erent typical jet kinematics and by the di!erent 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
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0nXn or Xn0n topology0n0n topology

Typical jet production in UPCs

UPC events can be characterized by 
forward neutrons from nuclear break-
up measured in the ZDCs



0nXn UPC jet production

Non-diffractive 𝛾+𝐴 interaction induces neutron 
emission in the direction of the struck nucleus

Direct photon process
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1 Introduction

Studies of hard-scattering processes are a crucial component of the ultra-relativistic heavy-ion physics
programs at the Large Hadron Collider (LHC) and the Relativistic Heavy Ion Collider (RHIC). 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 Je!erson 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 𝐿 and
𝑀

2 for a heavy nucleus. Measurements are particularly important in the region of intermediate 𝑀
2

(100 GeV2 ↭ 𝑀
2 ↭ 104 GeV2), where data are lacking for a wide range of Bjorken 𝐿 values. Such data

will be provided by deep-inelastic scattering measurements at the Electron-Ion Collider (EIC) [14] when
it becomes operational, but those data will also have limited 𝑀

2 coverage at low 𝐿 (𝐿 ↭ 10→2), where
“shadowing”, the suppression of the nuclear PDFs at low 𝐿, is observed [15].

Ultra-peripheral nuclear collisions (UPCs) [16–18] provide an opportunity to study nuclear PDFs using
quasi-real 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” (𝑁 + 𝑂) collisions, the
photon can either scatter directly o! 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 di!erent processes,
often referred to as “direct” and “resolved,” respectively, are illustrated in Figure 1.
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Figure 1: Diagrams representing di!erent types of leading-order contributions to d"et 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 𝑃𝑃 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 (𝑄 , 𝑄1) or the resolved
photon remnant (𝑄2).
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Revolved photon process
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Figure 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 𝐿 direction defines that as the photon-going direction. The ω𝐿𝐿 and ω𝐿𝑀 are indicated
by the green and red solid shaded areas, respectively. The regions contributing to the

∑
𝐿
ω𝐿 are shown with the

hatched green shading, with the solid grey shaded region indicating a ω𝐿 that is smaller than 0.5 and excluded from
the

∑
𝐿
ω𝐿 calculation. All hatched regions contribute to

∑
ω𝐿.

“𝑀𝑁” direction – is greater than 1 TeV. The photon is assumed to be traveling in the 0𝑁 direction and the
struck nucleus in the 𝑀𝑁 direction. The distribution of ZDC energies on the struck-nucleus side is shown in
Figure 3 for events that satisfy the trigger requirements and all the event selections described in Section 4.4
except the ZDC energy requirement on the 𝑀𝑁 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 𝑀𝑁 events that would fall below the 𝑀𝑁 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 𝑂T > 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, ω𝐿𝐿 and
ω𝐿𝑀 are defined as the interval between the edge of the detector (𝐿 = ±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, ω𝐿, between 𝐿-adjacent tracks or clusters with ω𝐿 > 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 𝐿 = 4.9, and
the resulting quantity is denoted

∑
𝐿
ω𝐿. A separate sum of all intervals satisfying ω𝐿 > 0.5, regardless of

orientation with respect to the jets, is denoted as
∑
ω𝐿 and is used to reject 𝑃𝑃 backgrounds. Figure 4

illustrates how the various rapidity gap quantities are calculated.

10

0nXn UPC characteristics: 
• Forward neutrons 
• Large rapidity gaps



Background rejection — 0nXn
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Figure 8: Template fits of the ω𝐿𝐿 distributions for several bins in 𝑀𝑀 , with nominal analysis selections applied. The
P!"#$% 8 MC sample corresponds to photonuclear MC, the 𝑁+ 𝑂𝑃 sample corresponds to the coherent photo-di!ractive
MC, and the Reverse 𝑁 + 𝑄 MC sample corresponds to 𝑁 + 𝑄 MC 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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Figure 9: Residual background fractions for several di!erent possible gap selections, extracted from template fits
of the

∑
𝑀
ω𝐿 and ω𝐿𝐿 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.

the predictions from the P!"#$% 8 MC. The shapes of the
∑

𝑀
ω𝐿 templates derived from P!"#$% 8 are

from LO modeling and could di!er from data or from next-to-leading-order (NLO) calculations. However,
the di!erence between the LO and NLO cross-sections may be primarily a normalization e!ect. 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 P!"#$% 8 in predicting the relative contributions from direct
and resolved processes. Figure 10 shows the fraction of direct 𝑁 + 𝑄 processes obtained from the

∑
𝑀
ω𝐿

template fits. In general, the data show a slightly smaller fraction of direct processes than P!"#$% 8 at
small 𝑀𝑀 and a slightly higher fraction at larger 𝑀𝑀 , with better agreement at large 𝑅T.
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Background sources: 
• Hadronic background 
• Diffractive 𝛄+ℙ 

• Reverse 𝛄+A
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Figure 7: Template fits of the
∑

𝐿
ω𝐿 distributions for several bins in 𝑀𝐿 , with nominal analysis selections applied. The

P!"#$% 8 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 𝑁𝑁 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.

The gap requirement in the photon-going direction (
∑

𝐿
ω𝐿 > 2.5) mitigates the most prominent background,

hadronic Pb+Pb collisions with an Non → Breakup condition. This background yields the steeply falling
distribution at small

∑
𝐿
ω𝐿 visible in Figure 7, and it is modeled phenomenologically using a template

distribution derived from the 𝑁𝑁 data and P!"#$% 8 MC simulation. This description is expected to be
imperfect due to the di!erent ratios of hadronic and di!ractive processes in 𝑁𝑁 and Pb+Pb collisons.
However, the measurement itself is insensitive to the modeling of this background given the low rate of
contamination shown in Figure 9. Since the background contamination rates are so small, no subtraction is
applied and no additional uncertainty is considered on the measurement resulting from imperfections in
these template fits.

The gap requirement in the nucleus-going direction (ω𝐿𝑀 < 3) is employed to remove backgrounds resulting
from two sources: 𝑂 + 𝑃𝑄 ↑ jets and Non → Breakup 𝑂 + 𝑅 ↑ jets, both of which may contaminate
the 0𝑆𝑇𝑆 sample in the Breakup case. The 𝑂 + 𝑃𝑄 ↑ jets background is simulated using a P!"#$% 8
MC sample where the pomerons are emitted coherently by the entire nucleus, softening the pomeron
energy spectrum. For the Non → Breakup 𝑂 + 𝑅 ↑ jets background, the contamination is only important
when uncorrelated nuclear breakup causes the photon-going direction to be mis-identified by the ZDCs,
manifesting as “reverse” 𝑂 + 𝑅 ↑ jets events. These backgrounds are modeled in template fits using a
P!"#$% 8 𝑂 + 𝑅 ↑ jets sample, with its coordinate system inverted such that the photon-emitting nucleus
moves in the negative direction. A template fit to the ω𝐿𝑀 distribution is shown in Figure 8, demonstrating
the good description these background models provide for the observed distributions. Figure 9 shows
the background contamination at di!erent 𝑀𝐿 values for several edge gap requirements, including the
region used for the event selection (ω𝐿𝑀 < 3 and

∑
𝐿
ω𝐿 > 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 𝑂 + 𝑅 ↑ jets processes in a separate 0𝑆0𝑆 sample indicate that they occur at
a rate of about 4% of the 0𝑆𝑇𝑆 case. Since this rate is small compared to the total uncertainties on the
measurement described in Section 6, no attempt is made to correct for it.

The di!erent shapes of the direct and resolved photon processes seen in Figure 7 can be used in a template
fit to extract the rates of these processes in data as a function of 𝑀𝐿 , thereby allowing a comparison with

16

Nuclear break-up mechanisms: 
• Hard-scattering nuclear break-up: 0nXn 

correlated with jets (~96%) 
• Electromagnetic dissociation (EMD): 0nXn or 

Xn0n uncorrelated with jets (10-40% in hard 
scattering events)

Can be used to separate direct and resolved photon processes 

Residual background below 3% after gap selections



0n0n UPC jet production

Only direct process shown
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Rapidity gaps for 0n0n UPCs
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Figure 3: A diagram illustrating how ω𝐿<2 is calculated for a typical 𝑀 + 𝑁 → jets event. Tracks and topo-clusters are
indicated by green and black points, respectively, while jets are shown as blue circles. The ω𝐿 variables computed on
both sides of the detector are shown, where ω𝐿1 is the gap from the detector edge to the nearest track or topo-cluster,
while ω𝐿2 is the gap from the detector edge to the second-closest track or topo-cluster.

pseudorapidity interval between the edge of the ATLAS detector (𝐿 = ±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 ω𝐿2 for both sides of the detector, template fits are performed as a function of
the minimum ω𝐿2 between the two detector sides, ω𝐿<2 . These template fits are binned in two di!erent
sets of jet kinematic variables: ( |𝑂jets |,𝑃T) for 𝑀 + 𝑄𝑅 measurements and (𝑆↑, 𝑇+) for measurements of the
EMD rate in 𝑀 + 𝑁 processes.

The gap distributions measured in data are modeled as the sum of three components, corresponding to the
three processes that contribute to 0𝑈0𝑈 UPC jet production: 𝑀 + 𝑁 → jets, 𝑀 + 𝑄𝑅 → jets, and 𝑀 + 𝑀 → jets.
The 𝑀 + 𝑁 → jets template is taken directly from 0𝑈𝑉𝑈 data in the corresponding kinematic interval and is
treated as pure 𝑀 + 𝑁 → jets signal. However, since the residual hadronic collision background is slightly
larger in the 0𝑈𝑉𝑈 template and concentrated entirely at the lowest ω𝐿<2 values, the first bin of the data
distribution is excluded from the fit. For the 𝑀 + 𝑄𝑅 → jets and 𝑀 + 𝑀 → jets processes, no pure data-driven
templates are available, so the templates are obtained from the corresponding P!"#$% 8 MC samples.
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∑
>
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events at small
∑

>
ω𝑀 with a wide distribution in 𝐿ch corresponds to the background from hadronic Pb+Pb collisions,

which is removed by the selection
∑

>
ω𝑀 > 2.5.

given event, the total scalar transverse momentum (𝑁T), rapidity (𝑂jets), and mass (𝑃jets) are computed
as:
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where 𝑆 runs over the 𝐿 measured jets in the event that satisfy the fiducial requirements, 𝑅 and ↓𝑄 represent
jet energies and momentum vectors, respectively, and 𝑄𝑀 represents the longitudinal component of each
jet’s momentum. An additional requirement of 0.9 < 𝑃jets/𝑁T < 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 (
∑
ω𝑀) is computed using the methodology of Ref. [3] from a combination of

charged particle tracks and topo-clusters, both required to satisfy 𝑄T > 0.2 GeV. Specifically,
∑
ω𝑀 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 (

∑
>
ω𝑀) is required to satisfy∑

>
ω𝑀 > 2.5. For a 0𝑇0𝑇 topology, this selection achieves a better rejection of hadronic collisions than in

0𝑇𝑈𝑇 measurements [3] because hadronic Pb+Pb collisions rarely occur without forward neutron emission.
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migration in (𝑂jets,𝑄jets,𝑃T) and (𝑅A, 𝑆𝐿 ,𝑃T) due to jet response, which is needed to unfold the measured
cross-sections.
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The sign of yjets can be used to infer the 
photon direction without using ZDC tagging
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given event, the total scalar transverse momentum (𝑁T), rapidity (𝑂jets), and mass (𝑃jets) are computed
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where 𝑆 runs over the 𝐿 measured jets in the event that satisfy the fiducial requirements, 𝑅 and ↓𝑄 represent
jet energies and momentum vectors, respectively, and 𝑄𝑀 represents the longitudinal component of each
jet’s momentum. An additional requirement of 0.9 < 𝑃jets/𝑁T < 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 (
∑
ω𝑀) is computed using the methodology of Ref. [3] from a combination of

charged particle tracks and topo-clusters, both required to satisfy 𝑄T > 0.2 GeV. Specifically,
∑
ω𝑀 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 (
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>
ω𝑀) is required to satisfy∑

>
ω𝑀 > 2.5. For a 0𝑇0𝑇 topology, this selection achieves a better rejection of hadronic collisions than in

0𝑇𝑈𝑇 measurements [3] because hadronic Pb+Pb collisions rarely occur without forward neutron emission.
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Figure 4: Example template fits of the ω𝐿<2 distribution for 0𝑀0𝑀 UPC jet events passing all other selections in three
jet kinematic intervals: 0.5 < |𝑁jets | < 0.75 (left), 1.0 < |𝑁jets | < 1.25 (center), and 1.5 < |𝑁jets | < 1.75 (right). The
lower panel shows the ratio of di!erent process templates to data, and the markers show the ratio of the full template
fit to the data. At large |𝑁jets |, the best fit determines no 𝑂 + 𝑃𝑄 contribution and a small but non-negligible 𝑂 + 𝑂

contribution.
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pp dijet kinematics and parton-x baseline
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Figure 8: Double-di!erential cross-section as a function of the invariant dijet mass 𝐿jj in six equidistant 𝑀boost bins.
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Figure 1: An illustration of the dijet event topology in the laboratory frame as a function of the 𝐿
→ = |𝐿1 ↑ 𝐿2 |/2 and

𝐿boost = |𝐿1 + 𝐿2 |/2 observables, with 𝐿1 and 𝐿2 being the rapidities of the leading and subleading jets. Projections
of individual rows (columns) to the 𝐿

→ (𝐿boost) axis correspond to the bin configurations of the measurement. In each
subfigure, the horizontal axis corresponds to the beam direction, while the vertical axis represents the 𝑀–𝐿 plane.

The invariant dijet mass binning of 𝑁jj is optimised to obtain a uniform purity2 of 50% and a corresponding
stability3 above 50% derived from MC simulations. Additionally, the 𝑁jj binning guarantees at least 10
events in the reconstructed ATLAS data and maintains reasonable statistical uncertainty in ATLAS MC
simulations.

4 Data, simulation, and event selection

This measurement uses the complete LHC Run-2 data sample collected between 2015 and 2018, satisfying the
ATLAS data quality requirements, ensuring that all relevant detector subsystems were fully operational [27].
The integrated luminosity reached 140 fb↑1 with a corresponding uncertainty of 0.83% [28], determined
with the van der Meer beam separation scan method using the LUCID-2 sub-detector [21] and a set of
complementary measurements using the inner detector and the calorimeter.

The data events are selected with a set of single-jet triggers [29–31] with 𝑂T thresholds ranging from
60 GeV to 420 GeV and a detector acceptance of |𝑃 | < 3.2. The lower threshold single-jet triggers are
prescaled to reduce high trigger rates and record only a fraction of events for online processing and data
storage at an acceptable level. Only the highest 𝑂T threshold single-jet triggers are unprescaled to record

2 Purity represents the conditional probability of observing a particle-level dijet (T) for a given reconstructed-level dijet (R)
entering the response matrix, expressed as 𝑄(𝑅 |𝑆) = 𝑄(𝑅 ↓ 𝑆)/𝑄(𝑆).

3 Stability represents the conditional probability of observing a reconstructed-level dijet (R) from a given particle-level dijet (T)
entering the response matrix, expressed as 𝑄(𝑆 |𝑅) = 𝑄(𝑅 ↓ 𝑆)/𝑄(𝑅).
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• Full Run2 pp collision data at 13 TeV 
• Dijet mass ranges from 240 GeV to 10 TeV (at 

least two jets with pT > 75 GeV)

1 Introduction

Dijet cross-section measurements provide a fundamental test of Quantum Chromodynamics (QCD), in
particular its perturbative regime (pQCD), by probing the dynamics of hard parton–parton scattering. Using
data collected with the ATLAS detector [1] at the Large Hadron Collider (LHC) [2] at a centre-of-mass
energy of 13 TeV, a measurement of the inclusive dijet double-di!erential cross-section is presented as
a function of key kinematic observables. This analysis o!ers detailed insights into parton distribution
functions (PDFs) and higher-order QCD e!ects, providing robust constraints on theoretical predictions.

In this context, the dijet final state provides a particularly suitable environment, benefiting from the copious
production of jets in hadron-induced processes over a broad phase space. Several measurements were
already performed at the LHC: by CMS at centre-of-mass energies of 7, 8, and 13 TeV [3–5] and by
ATLAS at 7 and 13 TeV [6, 7]. The most recent 13 TeV ATLAS (CMS) measurements were based on
partial LHC Run-2 data samples corresponding to 3.2 fb→1 (36.3 fb→1).

In this article, measurements of the dijet cross-section in proton–proton (𝐿𝐿) collisions at
↑
𝑀 = 13 TeV

using anti-𝑁𝐿 [8] jets with a radius parameter 𝑂 = 0.4 are presented. The double-di!erential cross-sections
are measured as functions of the invariant dijet mass, 𝑃jj, and one of two angular variables, 𝑄↓ or 𝑄boost,
defined as

𝑃jj =
√
(𝐿1 + 𝐿2)2

, 𝑄
↓ =

1
2
|𝑄1 → 𝑄2 |, 𝑄boost =

1
2
|𝑄1 + 𝑄2 |,

using the jet four-momenta, 𝐿1, 𝐿2, and the rapidities, 𝑄1, 𝑄2, of the 𝐿T-ordered leading and subleading
jets. The invariant mass 𝑃jj provides a direct handle on the energy scale of the hard interaction, while the
angular variables o!er insight into the dynamics of the dijet system.

The variable 𝑄
↓ is directly related to the scattering angle 𝑅

↓ in the partonic centre-of-mass frame through
tanh(𝑄↓) = cos(𝑅↓), and the commonly used dijet angular variable 𝑆 defined as 𝑆 = 𝑇

2𝑀↓ = 1+cos(𝑁↓ )
1→cos(𝑁↓ ) .

The variable 𝑄boost characterises the overall rapidity of the dijet system in the laboratory frame. Both
angular variables are directly related to the longitudinal momentum fractions of the incoming partons
𝑈1,2 =

𝑂jj
↑
𝑃

𝑇
±𝑀boost with 𝑃jj = 2𝐿T,avg cosh(𝑄↓), where the formulas are derived for back-to-back jets at the

Born level. The positive (negative) sign corresponds to the leading (subleading) parton, and 𝐿T,avg denotes
their average transverse momentum. Small 𝑄boost values correspond to 𝑈1 ↔ 𝑈2, whereas large 𝑄boost selects
strongly asymmetric momentum fractions. All three variables, 𝑃jj, 𝑄↓, and 𝑄boost provide sensitivity to the
parton momentum fractions 𝑈1,2 and, consequently, to the PDFs [9].

This measurement builds on previous dijet cross-section results by using a significantly larger data sample
collected by ATLAS with an integrated luminosity of 140 fb→1. The 𝑄boost variable is used for the first time
in the dijet cross-section measurement by ATLAS. The increased data sample enhances statistical precision,
particularly in high-mass and forward regions where earlier measurements were limited by the sample
size. Additionally, an improved jet energy calibration is implemented, incorporating updated systematic
uncertainties [10, 11]. These updates reduce the experimental uncertainties in the jet energy scale by a
factor of two to three for 𝑃jj above a few hundred GeV, enabling more precise constraints on theoretical
predictions. The phase space of the measurement extends from 𝑃jj = 240 GeV to 10 TeV, covering a wide
kinematic range where the two highest-𝐿T jets are required to be within |𝑄 | < 3.0. This broad coverage
allows stringent tests of pQCD across a wide range of the relevant hard-scattering scale, including regions
where higher-order e!ects and the running of the strong coupling become increasingly significant.

To fully exploit these improvements, the results of this measurement are compared with state-of-the-art
theoretical predictions, including next-to-next-to-leading-order (NNLO) QCD calculations with full colour

3
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pp dijets as a PDF baseline
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Figure 10: Theory-to-data ratio for the double-di!erential cross-section as a function of the invariant dijet mass
𝐿jj in six equidistant 𝑀boost bins for anti-𝑁𝐿 𝑂 = 0.4 jets at the particle level. The sub-figures show di!erent orders
(NLO and NNLO) of pQCD full colour predictions via the NNLOJET programme at the parton level using the CT18
PDF set and renormalisation and factorisation scales of 𝑃R = 𝑃F = 𝐿jj. The pQCD calculations are corrected by
electroweak and non-perturbative corrections to obtain the complete predictions at the particle level. The theory is
compared with the data unfolded to the particle level using the IDS method with two iterations. Coloured vertical
line errors indicate the total systematic uncertainties in pQCD calculations, including the e!ect of non-perturbative
corrections. Vertical band errors around 1.0 indicate total experimental uncertainty in the data.
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• ATLAS pp jets constrain the gluon PDF 
over a broad (x,Q2) range 

• Compared with state-of-the-art full-color 
NNLO pQCD calculations, with EM and 
non-perturbative corrections 

• The NNLO theoretical predictions tend to 
overestimate the data by about 15–20%
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Kinematic observables in 0nXn UPC jets
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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 0𝐿0𝐿 UPC jet production. The resolved photon processes contribute to this
measurement but are not shown here. (a) A non-di!ractive 𝑀 + 𝑁 interaction that induces neutron emission in the
direction of the struck nucleus, (b) A di!ractive interaction proceeding through 𝑀 + 𝑂𝑃 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) 𝑀 + 𝑁 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 𝑀 + 𝑀 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-di!ractive 𝑀 + 𝑁 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,
di!ractive 𝑀 + 𝑁 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 di!ractive 𝑀 + 𝑁 → jets events from peripheral non-di!ractive 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, 𝑀 + 𝑁 → jets events with no forward neutrons
in either direction – so-called 0𝐿0𝐿 events – are expected to be dominated by a combination of di!ractive
and peripheral non-di!ractive scattering. A background to these measurements arises from two-photon
(𝑀 + 𝑀) scattering processes (Figure 1d) that may also produce jets and have a high probability of leaving
both nuclei intact. Thus, 𝑀 + 𝑁 → jets production with a 0𝐿0𝐿 topology would have contributions from
three processes whose Feynman diagrams are shown in Figure 1(b-d). These processes can be distinguished
by their di!erent typical jet kinematics and by the di!erent 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
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Q2: Q~HT/2

Bjorken-x: xA at LO

E𝛄: z𝛄 ~ E𝛄 / EA at LO



Triple-differential UPC γ+A→jets cross sections
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Figure 19: Triple-di!erential cross-sections, d3
𝐿

d𝑀Td𝑁Ad𝑂𝐿 , as a function of 𝐿A for di!erent bins of 𝑀T for events with
emitted photon energies in the kinematic range 0.0023 < 𝑁𝑃 < 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 P!"#$% 8 with nCTEQ15
WZ+SIH PDFs, a photon flux from S"%&’$(#", and a 𝑁𝑃-dependent breakup fraction. The bottom panels show the
ratio between the theory prediction and data for a representative subset of the bins of 𝑀T. The lorentz-invariant
variables 𝐿A, 𝑁𝑃 , and 𝑀T are un-ambiguously defined in terms of the particle-level jet kinematics and correspond at
leading order to the Bjorken-𝐿, emitted photon energy fraction, and collision 𝑂

2, 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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Figure 21: Triple-di!erential cross-sections, d3
𝐿

d𝑀Td𝑁Ad𝑂𝐿 , as a function of 𝐿A for di!erent bins of 𝑀T for events with
emitted photon energies in the kinematic range 3.7→ 10↑4

< 𝑁𝑃 < 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 P!"#$% 8 with nCTEQ15
WZ+SIH PDFs, a photon flux from S"%&’$(#", and a 𝑁𝑃-dependent breakup fraction. The bottom panels show the
ratio between the theory prediction and data for a representative subset of the bins of 𝑀T. The lorentz-invariant
variables 𝐿A, 𝑁𝑃 , and 𝑀T are un-ambiguously defined in terms of the particle-level jet kinematics and correspond at
leading order to the Bjorken-𝐿, emitted photon energy fraction, and collision 𝑂

2, 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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• Differential in HT, xA and z𝛄 

• Precision better than 5% over 
a broad range of xA from 10-3 
to 10-1, and intermediate-to-
high Q2

ATLAS: PRD 111 (2025) 052006
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Figure 24: Ratios of the triple-di!erential cross-sections, d3
𝐿

d𝑀Td𝑁Ad𝑂𝐿 , to theoretical preductions using several nPDF
models as a function of 𝐿A for di!erent bins of 𝑀T for events with struck parton energies in the kinematic range
3.7 → 10↑4

< 𝑁𝑃 < 0.027. The lorentz-invariant variables 𝐿A, 𝑁𝑃 , and 𝑀T are un-ambiguously defined in terms of
the particle-level jet kinematics and correspond at leading order to the Bjorken-𝐿, emitted photon energy fraction,
and collision 𝑂

2, respectively. Theoretical comparisons for the cross-sections are computed using P!"#$% 8 withh
a photon flux from S"%&’$(#", and a 𝑁𝑃-dependent data-driven breakup correction. Four di!erent theoretical
comparisons are shown corresponding to the nCTEQ 15 WZ+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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Ratios of measured triple-differential cross-sections to 
predictions using different nPDF fits; photon-flux 
uncertainties are not included: 

• nCTEQ15 WZ+SIH  
• nNNPDF3.0 
• EPPS21 
• TUJU21

• nCTEQ gives the best overall agreement. While TUJU agrees 
well with data at higher HT. 

• nNNPDF overpredicts the cross sections at high HT and large xA

ATLAS: PRD 111 (2025) 052006
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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 0𝐿0𝐿 UPC jet production. The resolved photon processes contribute to this
measurement but are not shown here. (a) A non-di!ractive 𝑀 + 𝑁 interaction that induces neutron emission in the
direction of the struck nucleus, (b) A di!ractive interaction proceeding through 𝑀 + 𝑂𝑃 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) 𝑀 + 𝑁 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 𝑀 + 𝑀 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-di!ractive 𝑀 + 𝑁 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,
di!ractive 𝑀 + 𝑁 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 di!ractive 𝑀 + 𝑁 → jets events from peripheral non-di!ractive 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, 𝑀 + 𝑁 → jets events with no forward neutrons
in either direction – so-called 0𝐿0𝐿 events – are expected to be dominated by a combination of di!ractive
and peripheral non-di!ractive scattering. A background to these measurements arises from two-photon
(𝑀 + 𝑀) scattering processes (Figure 1d) that may also produce jets and have a high probability of leaving
both nuclei intact. Thus, 𝑀 + 𝑁 → jets production with a 0𝐿0𝐿 topology would have contributions from
three processes whose Feynman diagrams are shown in Figure 1(b-d). These processes can be distinguished
by their di!erent typical jet kinematics and by the di!erent 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
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Bjorken-x: x+ at LO

E𝛄: z- ~ E𝛄 / EA at LO



𝛾+ℙ → jets cross section
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Figure 10: The 𝐿T-integrated cross-sections for 𝑀 + 𝑁𝑂 → 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 di!erent 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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Figure 11: The 𝐿T-di!erential cross-sections for 𝑀 + 𝑁𝑂 → jets production which are fully unfolded to correct
for detector response. The systematic uncertainties are shown as shaded bands, and the combined statistical and
systematic uncertainties are shown as vertical lines. The fully correlated component of the systematic uncertainty is
subtracted from the bin-to-bin contributions and denoted by the data scale uncertainty.

where detailed comparisons of the 0𝑃0𝑃 and 0𝑃𝑄𝑃 𝑀 + 𝑅 → jets cross-sections are used to probe the
dependence of nPDF modifications on 𝑆A.
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• First measurement of diffractive jets in 0n0n UPCs 
• The HT-integrated cross sections are compared to 

NLO predictions (JHEP 04 (2016) 158) 
• The model without diffractive QCD factorization 

breaking predicts the normalization reasonably 
well, but not the shape
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Figure 12: The fraction of 𝐿 + 𝑀 → jets events in which the photon-emitting nucleus breaks up due to EMD as
a function of 𝑁↑ . The systematic uncertainties are shown as shaded gray bands, and the error bars are combined
statistical and systematic uncertainties. Results for the 0𝑂0𝑂 topology (black) are compared to the 0𝑂𝑃𝑂 measurement
from Ref. [3] (red). Both sets of markers are shifted slightly to enhance legibility. The bottom panel shows the ratio
of the 0𝑂0𝑂 and 0𝑂𝑃𝑂 measurements, with total and systematic uncertainties shown as shaded yellow or gray bands,
respectively. Theoretical calculations for the 0𝑂𝑃𝑂 sample are also shown from Ref. [32] as a blue line. Both the
0𝑂𝑃𝑂 data and theory calculation are corrected for correlated EMD e!ects.

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 𝐿 + 𝑀 → jets, 𝐿 + 𝑄𝑅 → jets, and 𝐿 + 𝐿 → jets
contributions to the 0𝑂0𝑂 cross-section are statistically separated using a template fit to rapidity gap
distributions. This procedure enables the first measurement of the inclusive 𝐿 + 𝑄𝑅 → jets cross-section in
nuclear collisions. The 𝐿 + 𝑄𝑅 → jets cross-section is presented as a function of the jet system rapidity and
compared to predictions from NLO perturbative QCD calculations for di!erent 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 |𝑆jets | distribution than the predictions. The evolution of
the cross-section with 𝑇T is measured, in addition to the 𝑇T-integrated |𝑆jets |-dependence, to provide
additional information for improving theoretical models.

The rate of electromagnetic dissociation of the photon-emitting nucleus is measured for 0𝑂0𝑂 collisions
and compared to the corresponding rate in 0𝑂𝑃𝑂 collisions, after correcting for the e!ects of correlated
mutual EMD. The 0𝑂0𝑂 events exhibit a systematically lower EMD rate than 0𝑂𝑃𝑂 events, providing
evidence for the hypothesis that 0𝑂0𝑂 collisions probe larger typical nucleus-nucleus impact parameters.
Since the 0𝑂0𝑂 selection does not modify the photon flux, this also supports the interpretation that 0𝑂0𝑂
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• The 0n0n events exhibit a systematically lower EMD 
rate than 0nXn events 

• Evidence that 0n0n collisions probe large impact-
parameter, corresponding to more peripheral UPCs

ATLAS: arXiv:2604.20559
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The reduction from 0nXn to 0n0n indicates a 
modification to 𝑏𝐴𝐴 (and thus 𝑏𝐴)

Validating the modified 
impact parameter
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Table 1: Jet and event selections applied in the measurement 0𝐿0𝐿 UPC jet events. The quantities 𝑀A and 𝑀C are the
ZDC energies on the A or C sides of the ATLAS detector, respectively.

Jet Event
𝑁

jet
T > 15 GeV ZDC 0𝐿0𝐿: 𝑀A < 1 TeV and 𝑀C < 1 TeV

|𝑂jet | < 4.4 𝑃jet → 2
0.9𝑄T < 𝑅jets < 4𝑄T∑

>
ω𝑂 > 2.5

The impact of the
∑

>
ω𝑂 selection is shown in Figure 2, which demonstrates the correlation between∑

>
ω𝑂 and the multiplicity of charged tracks, 𝑃ch, defined as the number of reconstructed tracks satisfying

|𝑂tr | < 2.5 and 𝑁
tr
T > 0.2 GeV. The higher-multiplicity events at low

∑
>
ω𝑂 and peaked at

∑
>
ω𝑂 = 0

correspond to the hadronic Pb+Pb collision background removed by the selection at
∑

>
ω𝑂 > 2.5.

To select 0𝐿0𝐿 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 0𝐿0𝐿 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 𝑆 + 𝑇𝑈 ↑ jets events are similar, yielding an approximately symmetric 𝑉jets distribution, despite
the asymmetric collision system and gap topology. Thus, the cross-sections of 𝑆 + 𝑇𝑈 ↑ jets events are
measured as a function of the symmetric variable, |𝑉jets |. Non-di!ractive 𝑆 + 𝑊 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 0𝐿0𝐿 collisions, the
energy asymmetry implies that for su"ciently large |𝑉jets |, the nucleus-going side of the collision may be
identified with the direction of 𝑉jets. This assumption is valid for more than 99.9% of the studied events
with |𝑉jets | > 1 in the 𝑆 + 𝑊 ↑ jets MC sample. Two momentum fractions are defined as a function of
|𝑉jets | and 𝑅jets:

𝑋↓ ↔
𝑅jets↗
𝑌NN

𝑍
↓ |𝐿jets |

, 𝑎+ ↔
𝑅jets↗
𝑌NN

𝑍
+|𝐿jets |

. (5)

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 (𝑋↓)
and struck nucleus (𝑎+). These variables are analogous to 𝑋𝑀 and 𝑎A defined in Ref. [3] for collisions that
exhibit a 0𝐿𝑏𝐿 topology. However, they di!er from 𝑋𝑀 and 𝑎A since without ZDC information to determine
the photon-going direction of the collision, the direction must be inferred from the sign of 𝑉jets.

4.3 Background subtraction

The relative contributions of 𝑆 + 𝑊, 𝑆 + 𝑇𝑈, and 𝑆 + 𝑆 processes to the total 0𝐿0𝐿 cross-section are assessed
via a template-fitting procedure. To perform these fits, the single-sided ω𝑂2 variable is defined as the

8

• 0n0n/0nXn ratio shows a clear increasing 
trend with  ( x in Pb) 

• Theoretical comparisons are constructed 
using nCTEQ and nNNPDF: free nucleon PDF / 
nPDF 

• Significance of the slope: 6.0 𝛔

x+
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Coherent exclusive vector meson photoproduction

22

• Coherent exclusive heavy vector meson production provides 
perturbative and direct access to parton x in Pb. Sensitivity to 
nuclear gluon dynamics, shadowing, and saturation at small-x 

• Has been extensively studied by STAR, ALICE, CMS and LHCb

Figure 2: The L1 TRT trigger logic in the TRT barrel A region (0 < 𝐿 ⊋ 0.8) [35]. The region is divided into 32 𝑀

sectors (bold gray), each consisting of nine TRT trigger segments (shown as green triangles and trapezoids). A trigger
signal within a segment is formed if the transition radiation threshold is exceeded in any of TRT straws from this
segment (shown as red triangles and trapezoids, induced by a vertical cosmic track in this event). The trigger logic
then aggregates signals from all segments in a region formed from four adjacent 𝑀 sectors (shown in blue), yielding
an e!ective 𝑀 segmentation of 2𝑁/8. To form a trigger decision for this TRT section, the number of segments with a
trigger signal has to exceed a fixed threshold multiplicity (𝑂 = 4) in at least one contiguous set of four sectors.

a large number of HT hits. In this way, the TRT was able to trigger on events with even just one or two
low-momentum tracks.

3 Data and Monte Carlo simulation samples

The data used in this measurement were recorded by ATLAS in 2023 during Pb+Pb operation of the LHC
at →𝑃NN = 5.36 TeV. To accumulate 𝑄/𝑅 ↑ 𝑆

+
𝑆
↓ events with a good e"ciency while rejecting hadronic

heavy ion collisions, candidate events were recorded using a dedicated trigger for events with moderate
activity in the ID but little additional activity in the entire detector. The L1 decision required both a signal
from the L1 TRT FastOR system and a total transverse energy (𝑇T) below 20 GeV (at electromagnetic
scale) registered in the calorimeter system. At the HLT, the total 𝑇T in the FCal region on each side was
required to be below 5 GeV, to suppress hadronic events. In addition, the ID was used at the HLT to
select events with up to 15 tracks with 𝑈T > 100 MeV, with an additional requirement of 1–5 tracks with

6

• A dedicated hardware track trigger enables 
ATLAS low pT measurements at mid-rapidity, 
filling the gap for 0.8 < |y| < 1.6 to discriminate 
among models

ATLAS: JHEP 04 (2026) 020
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(e)

Figure 4: Exclusive two-track invariant mass (𝐿𝐿
+
𝐿
→ ) distributions for five |𝑀 | intervals. Resonant contributions

from 𝑁/𝑂 ↑ 𝑃
+
𝑃
→ and 𝑁/𝑂 ↑ 𝑄

+
𝑄
→ processes are shown as long-dashed and short-dashed lines, respectively.

Non-resonant contributions from 𝑅𝑅 ↑ 𝑆
+
𝑆
→ and photonuclear backgrounds are shown as dotted-dashed and

two-dotted dashed lines respectively. The total fit result for each rapidity region is shown as a solid line. The bottom
panel in each figure shows the ratio of data to the total prediction. For the calculation of 𝐿𝐿

+
𝐿
→ , the muon mass

hypothesis is used for each track. The signal region is defined as 2.9 < 𝐿𝐿
+
𝐿
→ < 3.2 GeV.
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• Differential cross-section measured as a 
function of J/𝜓 rapidity 

• Compared with CGC, LTA (Leading-Twist 
Approximation) and CD (Color Dipole) model 
predictions 

• Among the models considered, the CD 
models provide the best data description
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Figure 8: (a) Measured di!erential cross section for coherent exclusive 𝐿/𝑀 meson production in Pb+Pb UPC at
→
𝑁NN = 5.36 TeV as a function of 𝐿/𝑀 rapidity (averaged over both sides). Data (points) are compared with several

model predictions: STARlight 2.0 (using classical Glauber option), two versions of a color glass condensate (CGC)
model [7, 57], color dipole (CD) models (BGK, GBW and IIM) [17], and leading-twist approximation (LTA) weak
and strong shadowing models [58]. For each measurement, the thin vertical bar represents the statistical uncertainty,
and the thick bar represents the total uncertainty (with statistical and systematic uncertainties added in quadrature).
(b) Measured di!erential cross section for coherent 𝐿/𝑀 meson production in Pb+Pb UPC at →𝑁NN = 5.02 TeV as a
function of 𝐿/𝑀 rapidity. The plot displays the previous results from the ALICE [25, 26], CMS [28] and LHCb [30]
experiments, together with the results presented here after extrapolation to 5.02 TeV. Data (points) are compared with
STARlight predictions.

To quantify the level of nuclear suppression observed at mid-rapidity, the results obtained for |𝑂 | < 0.5 are
compared with the impulse approximation (IA) model [59] as implemented in STARlight. This model
is based on a simple scaling of the experimental data from exclusive 𝐿/𝑀 photoproduction o! protons,
includes the nuclear form factor, and neglects all other nuclear e!ects except for coherence. The ratio of the
measured cross section to the IA model prediction is found to be 𝑃

2
Pb( |𝑂 | < 0.5) = 0.57 ± 0.04, indicating

significant nuclear suppression.

To compare this measurement with previous measurements from the ALICE, CMS and LHCb Collaborations
at →𝑁NN = 5.02 TeV, the measured cross sections need to be extrapolated from 5.36 TeV to 5.02 TeV. The
extrapolation factor is estimated by using STARlight and is found to reduce the cross sections by 4–5%,
depending on the rapidity.3 Figure 8(b) presents the results from the ALICE [25, 26], CMS [28] and
LHCb [30] experiments, together with the results presented here, after extrapolation to 5.02 TeV. While
the extrapolated measurement matches quite well (within 1–1.5 standard deviation) previously measured
values at forward rapidities (1.5 < 𝑂 < 2.5), the extrapolated results at mid-rapidity (0 < 𝑂 < 1) di!er
significantly from the existing ALICE measurements [26].

A significant di!erence between the extrapolated measurement and the previous ALICE result may be due
to the production of additional particle pairs accompanying the produced 𝐿/𝑀 meson, which are rejected
by selections on the ALICE forward counters [26]. The production rate of these extra particle pairs is
dominated by soft 𝑄+𝑄↑ pair production. However, at higher pair invariant masses, the production of 𝑅+𝑅↑

pairs and 𝑆
+
𝑆
↑ pairs from coherent 𝑇0 decays is also possible [60, 61]. For the measurements of exclusive

3 A similar extrapolation factor, of the order of 4–5%, is obtained when using the CGC-based and CD-based models.
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• Scaled to lower collision energy (5%) 
• Good agreement at forward rapidities 
• Tension with ALICE at mid-rapidity

ATLAS: JHEP 04 (2026) 020
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and strong shadowing models [58]. For each measurement, the thin vertical bar represents the statistical uncertainty,
and the thick bar represents the total uncertainty (with statistical and systematic uncertainties added in quadrature).
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function of 𝐿/𝑀 rapidity. The plot displays the previous results from the ALICE [25, 26], CMS [28] and LHCb [30]
experiments, together with the results presented here after extrapolation to 5.02 TeV. Data (points) are compared with
STARlight predictions.

To quantify the level of nuclear suppression observed at mid-rapidity, the results obtained for |𝑂 | < 0.5 are
compared with the impulse approximation (IA) model [59] as implemented in STARlight. This model
is based on a simple scaling of the experimental data from exclusive 𝐿/𝑀 photoproduction o! protons,
includes the nuclear form factor, and neglects all other nuclear e!ects except for coherence. The ratio of the
measured cross section to the IA model prediction is found to be 𝑃
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Pb( |𝑂 | < 0.5) = 0.57 ± 0.04, indicating

significant nuclear suppression.

To compare this measurement with previous measurements from the ALICE, CMS and LHCb Collaborations
at →𝑁NN = 5.02 TeV, the measured cross sections need to be extrapolated from 5.36 TeV to 5.02 TeV. The
extrapolation factor is estimated by using STARlight and is found to reduce the cross sections by 4–5%,
depending on the rapidity.3 Figure 8(b) presents the results from the ALICE [25, 26], CMS [28] and
LHCb [30] experiments, together with the results presented here, after extrapolation to 5.02 TeV. While
the extrapolated measurement matches quite well (within 1–1.5 standard deviation) previously measured
values at forward rapidities (1.5 < 𝑂 < 2.5), the extrapolated results at mid-rapidity (0 < 𝑂 < 1) di!er
significantly from the existing ALICE measurements [26].

A significant di!erence between the extrapolated measurement and the previous ALICE result may be due
to the production of additional particle pairs accompanying the produced 𝐿/𝑀 meson, which are rejected
by selections on the ALICE forward counters [26]. The production rate of these extra particle pairs is
dominated by soft 𝑄+𝑄↑ pair production. However, at higher pair invariant masses, the production of 𝑅+𝑅↑

pairs and 𝑆
+
𝑆
↑ pairs from coherent 𝑇0 decays is also possible [60, 61]. For the measurements of exclusive

3 A similar extrapolation factor, of the order of 4–5%, is obtained when using the CGC-based and CD-based models.
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Coherent J/𝜓 production in Pb-Pb UPCs at LHC (2) 
• Nuclear photoproduction cross section in leading logarithmic approximation (LLA), 
Guzey, Kryshen, Strikman, Zhalov, PLB 726 (2013) 290; Guzey, Zhalov, JHEP 1310 (2013) 207, Guzey, Strikman, PRC 
110  (2024) 4, 045201

• Leading twist approximation (LTA) predictions made > 10 years ago describe the data for all  
and , with the exception of Run 3 ATLAS data. 
• Good description using EPPS21, nCTEQ15, nNNPDF3.0 nPDFs with large nPDF uncertainties

y
Wσp > 100 GeV

γσPb𝒪J/ψPb(Wσp) =
dγσp𝒪J/ψp(Wσp, t = 0)

dt [ xgA(x, Q2
e≫)

Axgp(x, Q2
e≫) ]

2

∫
∼

|tmin|
dt |FA(t) |2

From HERA data From LTA and nPDFs Factorized t-dependence using 
nuclear form factor

• Comparison to LHC data at 5.02 TeV, [ALICE] EPJC 81 (2021) no.8, 712,  PLB 798 (2019) 134926, 
JHEP 10 (2023) 119; [LHCb] JHEP 06 (2023)146; [CMS] PRL 131, no. 26 (2023) 262301; [ATLAS] JHEP 04 (2026) 020  

x =
M2

J/ψ

W 2σp

Q2
e≫ = ≈(m2

c ) = 3 GeV2

Vadim Guzey, EMMI Workshop

https://indico.gsi.de/event/24193/contributions/100494/attachments/55967/85770/Guzey_EMMI26.pdf
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C. Zhang, C. Marquet, G-Y Qin, S-Y Wei, and B-W Xiao, Phys. Rev. Lett. 122 (2019) 172302

G. AAD et al. PHYSICAL REVIEW C 104, 014903 (2021)

FIG. 17. Charged-particle flow coefficients v2 (left) and v3 (right) in photonuclear events with 20 < N rec
ch ! 60, reported as a function of

particle pT. The vertical error bars and colored boxes represent the statistical and total systematic uncertainties, respectively. The photonuclear
data points are positioned at the average pT value in each interval. The data are compared with the analogous measurements in pp collisions
at 13 TeV and p + Pb collisions at 5.02 TeV for N rec

ch " 60 [5]. The v2 data are also compared with a CGC-based theory calculation from
Ref. [31]. These photonuclear data are the same as in Fig. 16 but with different y-axes ranges to allow comparison with additional data and
theoretical predictions.

fluctuations in the selected γ + Pb events needs to be carried
out. In addition, correctly accounting for the boosted kine-
matics and limited acceptance using a fully three-dimensional
simulation may be important.

An alternative interpretation of two-particle correlations in
small collision systems involves interactions at the earliest
time between gluon fields in the color glass condensate (CGC)
framework [62]. Recently such calculations have described
heavy-flavor hadron and quarkonia azimuthal anisotropies in
p + Pb collisions [63,64], although calculations in the CGC
framework fail to describe other aspects of the data, such as
the charged-hadron flow coefficients in p + Pb at the LHC
and small-systems collisions at RHIC [65,66]. The authors

have extended these calculations to consider a color dipole
interacting with a Pb nucleus either at the future Electron
Ion Collider or in photonuclear collisions at the LHC [31].
The CGC calculation for photonuclear collisions is shown
in Fig. 17 and is in reasonable agreement with the v2 data
within uncertainties. In these calculations, the Pb nucleus is
described with a saturation scale Q2

s = 5 GeV2 and typical
parton transverse momentum " = 0.5 GeV, as used in calcu-
lations of v2 for heavy-flavor mesons and quarkonia [63,64].
However, in the calculation for the photonuclear case, the pa-
rameter Bp = 25 GeV−2, which controls the transverse area of
the interaction and thus the number of color domains from the
Pb nucleus taking part in the interaction, is significantly larger

FIG. 18. Comparison of results for raw Fourier coefficients v2,2 and v3,3 (left, without nonflow subtraction) and for nonflow subtracted
coefficients v2,2 and v3,3 (right, with nonflow subtraction using the template method), shown in data (open points) and in DPMJET-III (filled
points). The results in data and DPMJET-III are presented as functions of N rec

ch and N truth
ch , respectively.

014903-16

Photonuclear collisions are not only probes of nPDFs; at 
high multiplicity, they bridge small-x initial-state 
dynamics and final-state response 

Two-particle correlation in 2018 Pb+Pb MinBias UPC 
events, non-zero v2 observed 

Reasonable agreement with CGC-based v2 predictions

ATLAS: RPC 104 (2021) 014903
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FIG. 1. (Color online) The charged hadron pseudorapid-
ity distributions dNch/d⌘ in 0-90% p+Pb and �⇤+Pb col-
lisions from the 3d-glauber+music+urqmd simulations.
The theoretical calculations are compared with experimen-
tal data from the ATLAS Collaboration in the laboratory
frame [25, 54].
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FIG. 2. (Color online) Identified particle mean transverse
momenta hpT i as functions of charged hadron multiplicity in
p+Pb (dashed lines) and �⇤+Pb (solid lines) collisions from
the 3d-glauber+music+urqmd framework. The p+Pb re-
sults are compared to the experimental data from the ALICE
Collaboration [52].

ing to Eq. (1) leads to a good description of the shape of
the dNch/d⌘ distribution in Pb+Pb UPCs measured by
the ATLAS Collaboration. Overall, it is remarkable that
a final-state dominated framework can predict the exper-
imental charged hadron rapidity distribution in photo-
nuclear events within 10%. We note that the ATLAS
data on dNch/d⌘ in UPCs has been normalized to the
value computed by DPMJET-III �+Pb at ⌘ = 0 [25].
We divide the ATLAS data of dNch/d⌘ in UPCs by 1.2
to normalize to our result at ⌘ = 0.

The good description of the charged hadron rapidity
distributions provides a solid basis for us to quantita-
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FIG. 3. (Color online) Charged hadron anisotropic
flow coe�cients v2{2} and v3{2} as functions of charged
hadron multiplicity Nch in p+Pb (dashed lines) and �⇤+Pb
(solid lines) collisions at LHC energies from the 3d-
glauber+music+urqmd simulations. To compare with the
ATLAS data [25, 51], we compute the vn{2} coe�cients using
the appropriate kinematic cuts.

tively study flow observables with the same kinematic
cuts as done in the experimental analysis. Figure 2
shows the identified particles’ mean transverse momenta
hpT i as functions of charged hadron multiplicity in p+Pb
and �⇤+Pb collisions. Compared with the ALICE p+Pb
measurements [52], the 3d-glauber+music+urqmd
framework reproduces the mass hierarchy of the hpT i of
pions, kaons, and protons as a result of the system’s col-
lective radial expansion. The mean pT of pions and pro-
tons are overestimated by 10%, which can be improved by
including bulk viscous e↵ects in the hydrodynamic evo-
lution. Our model predicts that the identified particles’
mean pT in �⇤+Pb collisions are very similar to those in
p+Pb collisions at the same charged hadron multiplicity.
This is a consequence of using the same hot spot size in
both systems, which leads to a similar amount of radial
flow. Our mean pT result provides a quantitative pre-
diction and experimental confirmation will be a strong
indication that the system produced in �⇤+Pb collisions
experiences strong final-state e↵ects.
In Figure 3, we show the multiplicity dependence of

the pT -integrated anisotropic flow coe�cients v2{2} and
v3{2} computed with the Scalar-Product method, which
uses two subevents with the kinematic cuts �2.5 <
⌘ < �1.0 and 1.0 < ⌘ < 2.5 and 0.4 < pT < 2GeV
(0.5 < pT < 5.0GeV) for �⇤+Pb (p+Pb) collisions. With
the specific shear viscosity ⌘T/(e+P ) = 0.08 in hydrody-
namic simulations, we fit the ATLAS vn data for p+Pb
collisions [51]. The 3d-glauber+music+urqmd frame-
work can nicely reproduce the multiplicity dependence of
the experimentally measured vn{2} in p+Pb collisions.
For Nch < 20, the vn{2} drops because of the decreas-
ing lifetime of the hydrodynamic phase. Extrapolating
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Figure 17: The →𝐿T↑ for charged hadrons, 𝑀0
S, and ω in (a) Pb+Pb photo-nuclear and (b) 𝐿+Pb collisions as a function

of 𝑁 rec
ch . The left (right) panels are for a backward (forward) rapidity selection. Statistical uncertainties are shown as

vertical lines and systematic uncertainties are shown as colored boxes. Also shown are comparisons to the hybrid
hydrodynamic model for both collision types.
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Reasonable description of measured vn and <pT> in 𝛄+A, by 3DGlauber + MUSIC + UrQMD model

W. Zhao, C. Shen, and B. Schenke, PRL 129 (2022) 252302
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Fig. 5. Measured R pPb values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and peripheral (crosses) events. Each panel shows the jet 
R pPb in a different rapidity range. Vertical error bars represent the statistical uncer-
tainty while the boxes represent the systematic uncertainties on the jet yields. The 
shaded boxes at the right edge of the R pPb = 1 horizontal line indicate the system-
atic uncertainties on T pA and the pp luminosity added in quadrature for (from left 
to right) peripheral, mid-central and central events.

The results presented here use the standard Glauber model 
with fixed σNN to estimate the geometric quantities. The impact of 
geometric models which incorporate event-by-event changes in the 
configuration of the proton wavefunction [41] has also been stud-
ied. Using the so called Glauber–Gribov Colour Fluctuation model 
to determine the geometric parameters amplifies the effects seen 
with the Glauber model. In this model, the suppression in cen-
tral events and the enhancement in peripheral events would be 
increased.

10. Conclusions

This paper presents the results of a measurement of the cen-
trality dependence of jet production in p + Pb collisions at √sNN =
5.02 TeV over a wide kinematic range. The data were collected 
with the ATLAS detector at the LHC and correspond to 27.8 nb−1

of integrated luminosity. The centrality of p + Pb collisions was 
characterised using the total transverse energy measured in the 
forward calorimeter on the Pb-going side covering the interval 
−4.9 < η < −3.2. The average number of nucleon–nucleon colli-
sions and the mean nuclear thickness factor were evaluated for 
each centrality interval using a Glauber Monte Carlo analysis.

Results are presented for the nuclear modification factor R pPb
with respect to a measurement of the inclusive jet cross-section 
in 

√
s = 2.76 TeV pp collisions corresponding to 4.0 pb−1 of in-

tegrated luminosity. The pp cross-section was xT-interpolated to 
5.02 TeV using previous ATLAS measurements of inclusive jet pro-

duction at 2.76 and 7 TeV. Results are also shown for the central-
to-peripheral ratio RCP. The centrality-inclusive R pPb results for 
0–90% collisions indicate only a modest enhancement over the ge-
ometric expectation. This enhancement has a weak pT and rapidity 
dependence and is generally consistent with predictions from the 
modification of the parton distribution functions in the nucleus, 
which is small in the kinematic region probed by this measure-
ment.

The results of the RCP measurement indicate a strong centrality-
dependent reduction in the yield of jets in central collisions rela-
tive to that in peripheral collisions, after accounting for the effects 
of the collision geometries. In addition, the reduction becomes 
more pronounced with increasing jet pT and at more forward 
(downstream proton) rapidities. These two results are reconciled 
by the centrality-dependent R pPb results, which show a suppres-
sion in central collisions and enhancement in peripheral collisions, 
a pattern which is systematic in pT and y∗ .

The RCP and R pPb measurements at forward rapidities are also 
reported as a function of pT × cosh(〈y∗〉), the approximate total jet 
energy. When plotted this way, the results from different rapidity 
intervals follow a similar trend. This suggests that the mechanism 
responsible for the observed effects may depend only on the to-
tal jet energy or, more generally, on the underlying parton–parton 
kinematics such as the fractional longitudinal momentum of the 
parton originating in the proton.

If the relationship between the centrality intervals and proton–
lead collision impact parameter determined by the geometric 
models is correct, these results imply large, impact parameter-
dependent changes in the number of partons available for hard 
scattering. However, they may also be the result of a correlation 
between the kinematics of the scattering and the soft interactions 
resulting in particle production at backward (Pb-going) rapidities 
[42,43].

Recently, the effects observed here have been hypothesised as 
arising from a suppression of the soft particle multiplicity in col-
lisions producing high energy jets [44]. Independently, it has also 
been argued that proton configurations containing a large-x parton 
interact with nucleons in the nucleus with a reduced cross-section, 
resulting in the observed modifications [45]. In any case the pres-
ence of such correlations would challenge the usual factorisation-
based framework for describing hard scattering processes in colli-
sions involving nuclei.
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. Vertical error bars represent the 
statistical uncertainty while the boxes represent the systematic uncertainties on the 
jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates 
the systematic uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(〈y∗〉) ≈ E , where 〈y∗〉
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =

√
m2 + p2

T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(〈y∗〉) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.

low a consistent trend vs. pT × cosh(〈y∗〉) at forward rapidities 
(where jet production at a given jet energy E is dominated by 
xp ∼ E/(

√
s/2) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(〈y∗〉), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(〈y∗〉). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(〈y∗〉). Thus, the single trend in RCP versus pT × cosh(〈y∗〉) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(〈y∗〉).

0-90% Centrality dependent

Centrality-integrated: RpPb ~ 1 
Centrality-dependent:  
• Suppression in central events 
• Enhancement in peripheral events

Inclusive jets in 5.02 TeV p+Pb data
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Fig. 6. Measured RCP values for R = 0.4 jets in 0–10% p + Pb collisions. The panel on the left shows the five rapidity ranges that are the most forward-going, while the panel 
on the right shows the remaining five. The RCP values at each rapidity are plotted as a function of pT × cosh(〈y∗〉), where 〈y∗〉 is the midpoint of the rapidity bin. Vertical 
error bars represent the statistical uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge (in the left panel) 
and right edge (in the right panel) of the RCP = 1 horizontal line indicates the systematic uncertainty on Rcoll .

Fig. 7. Measured R pPb values for R = 0.4 jets in p + Pb collisions displayed for multiple rapidity ranges, showing 0–10% events in the left panel and 60–90% events in the 
right panel. The R pPb at each rapidity is plotted as a function of pT × cosh(〈y∗〉), where 〈y∗〉 is the midpoint of the rapidity bin. Vertical error bars represent the statistical 
uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates the systematic 
uncertainties on TpA and the pp luminosity added in quadrature.
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• When plotted as a function of pT ×cosh(⟨y∗⟩), an approximate jet energy, results from different 
rapidity intervals follow a similar trend 

• The observed effect may depend mainly on the total jet energy, or more generally on the 
underlying parton–parton kinematics
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• Observed xp-scaling at large xp 

• Centrality dependences of jet pT- 
and rapidity- yields in p+Pb are 
directly correlated with xp biases

This Letter presents measurements of the centrality dependence of the differential dĳet yield in ATLAS
?+Pb data at an NN center-of-mass energy of 8.16 TeV. It uses data collected in 2016 corresponding
to an integrated luminosity of 165 nb�1. The LHC was configured with a 6.5 TeV proton beam and a
Pb beam with an energy of 2.56 TeV per nucleon. In this measurement, positive (negative) rapidities
correspond to the proton-going (Pb-going) direction. The beam configuration resulted in a rapidity shift of
the center-of-mass by +0.465 units in the proton-going direction relative to the laboratory frame.

The measurement presented here was performed using the ATLAS calorimeters, inner detector, trigger,
and data acquisition systems [21]. The calorimeter system consists of a sampling liquid-argon (LAr)
electromagnetic (EM) calorimeter covering |[ | < 3.2,1 a steel-scintillator sampling hadronic calorimeter
covering |[ | < 1.7, LAr hadronic calorimeters covering 1.5 < |[ | < 3.2, and two LAr forward calorime-
ters (FCal) covering 3.2 < |[ | < 4.9. The EM calorimeters are segmented longitudinally in shower depth
into three layers with an additional presampler layer covering |[ | < 1.8. The hadronic calorimeters have
three sampling layers longitudinal in shower depth in |[ | < 1.7 and four sampling layers in 1.5 < |[ | < 3.2,
with a slight overlap in [. During the 2016 ?+Pb Run, a sector of the hadronic endcap calorimeter (HEC),
corresponding to 1.5 < [ < 3.2 and �c < q < �c/2 was disabled. An extensive software suite [22] 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.

The dĳet yield was measured as a function of
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where the superscript “c.m.” denotes variables translated in the center-of-mass frame of the collision,
while the subscripts 1 and 2 refer to the jets with the highest (leading) and second-highest (sub-leading) ?T
in a given event, respectively. ?T,Avg is the average transverse momentum, and Hb and H

⇤ are the boost, and
the half rapidity separation of the dĳet system, respectively. Note that H⇤ is directly related to the 2!2
scattering angle. These variables can be approximately related to
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the longitudinal momentum fractions carried by the incident partons in a 2!2 QCD scattering in the
proton and Pb nucleus, respectively.

Centrality in ?+Pb collisions can be directly related to the number of inelastic collisions between the proton
and the nucleons bound in the Pb nucleus. In this analysis, centrality was characterized using the total
transverse energy, ⌃⇢Pb

T , measured in the FCal in the Pb-going direction [9, 23, 24], with the resulting
distribution being divided into percentiles. A Glauber Monte Carlo (MC) model [25, 26] was used to relate
⌃⇢Pb

T to the average value of the nuclear thickness function, )AB [27], in a given centrality class. The
reported results were obtained using the 0–10% (central) and 60–90% (peripheral) centrality intervals. The

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the center of the LHC ring, and the H-axis points upwards.
Cylindrical coordinates (d,q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity
is defined in terms of the polar angle \ as [ = -ln tan(\/2). Angular distance is measured in units of �' ⌘

p
(�[)2 + (�q)2.

3
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Figure 1: 𝐿CP plotted as a function of approximated 𝑀𝐿 (left panel) and 𝑀Pb (right panel), constructed using →𝑁b↑ and
→𝑁↓↑. An inset legend is included, showing the (𝑁b, 𝑁↓) bins, and their corresponding markers. The proton-going
direction is defined by 𝑁b > 0. Shaded rectangles represent the total systematic uncertainty, while the vertical error
bars represent the statistical uncertainty. The solid rectangle on the left-side of each panel represents the uncertainty
on the 𝑂AB.

the UE activity and, therefore, the centrality. Centrality estimates for events with hard scatterings have
been found to be biased by modifications in soft processes, an e!ect that is typically enhanced with small
pseudorapidity separations, ω𝑃, between a hard probe and the centrality detector acceptance [23, 43, 44].
The e!ect is strongly reduced at large ω𝑃, and is expected to have negligible impact on the 𝐿CP 𝑀𝐿-scaling
reported in Figure 1.

The 𝑀𝐿-scaling observed in Figure 1 is qualitatively similar to that observed in the 5.02 TeV Run 1 inclusive
jet analysis [9] as a function of the jet energy. A direct comparison between the results could clarify
whether or not they are connected by the same underlying physics. The measurements can be compared by
making use of the Feynman scaling variable, 𝑀F [45]. Figure 2 shows the d"et results as a function of the
approximated 𝑀F computed in each kinematic bin as →𝑀F↑ = →𝑀𝐿↑ ↔ →𝑀Pb↑. The mapping of the 𝐿CP to →𝑀F↑
allows for factoring out the beam energy from the results, while isolating the dependence of the d"et yield
on the parton momentum fractions characterizing the hard-scattering. Large positive (negative) values of
→𝑀F↑ are associated to scatterings dominated by the longitudinal momentum of the parton originating from
the proton (nucleus). In inclusive jet measurements, 𝑀F can also be constructed as a property of the final
state, i.e., 𝑀F = 2𝑄𝑀/↗𝑅NN, where 𝑄𝑀 is the longitudinal momentum of the measured jet. Assuming the jet
mass to be small compared to its transverse momentum, and considering 𝑁

c.m. values large enough that
sinh 𝑁

c.m. ↘ ± cosh 𝑁
c.m., with the positive (negative) sign corresponding to 𝑁

c.m.
> 0 (𝑁c.m.
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Therefore, because the results in Ref. [9] were reported as a function of 𝑄T ≃ cosh 𝑁
c.m., a comparison to the

results presented in this Letter can be achieved using the relation: ±𝑀F
↗
𝑅NN/ 2 ⇐ 𝑄T ≃ cosh 𝑁

c.m.
, where the

sign of the left-hand of the equation corresponds to the sign of 𝑁c.m.. This comparison is shown in Figure 3.
A striking agreement is observed between the results obtained at positive 𝑁

c.m. and 𝑁b, corresponding to the
high-𝑀𝐿 region. This comparison shows that the physics mechanism responsible for the 𝐿CP suppression in
this kinematic region is the same in the two analyses, and the scaling behavior observed at 5.02 TeV as a
function of the jet energy is e!ectively governed by the proton configuration. The agreement between
the data progressively worsens when moving toward the negative rapidity region, where the majority of
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This Letter presents measurements of the centrality dependence of the differential dĳet yield in ATLAS
?+Pb data at an NN center-of-mass energy of 8.16 TeV. It uses data collected in 2016 corresponding
to an integrated luminosity of 165 nb�1. The LHC was configured with a 6.5 TeV proton beam and a
Pb beam with an energy of 2.56 TeV per nucleon. In this measurement, positive (negative) rapidities
correspond to the proton-going (Pb-going) direction. The beam configuration resulted in a rapidity shift of
the center-of-mass by +0.465 units in the proton-going direction relative to the laboratory frame.

The measurement presented here was performed using the ATLAS calorimeters, inner detector, trigger,
and data acquisition systems [21]. The calorimeter system consists of a sampling liquid-argon (LAr)
electromagnetic (EM) calorimeter covering |[ | < 3.2,1 a steel-scintillator sampling hadronic calorimeter
covering |[ | < 1.7, LAr hadronic calorimeters covering 1.5 < |[ | < 3.2, and two LAr forward calorime-
ters (FCal) covering 3.2 < |[ | < 4.9. The EM calorimeters are segmented longitudinally in shower depth
into three layers with an additional presampler layer covering |[ | < 1.8. The hadronic calorimeters have
three sampling layers longitudinal in shower depth in |[ | < 1.7 and four sampling layers in 1.5 < |[ | < 3.2,
with a slight overlap in [. During the 2016 ?+Pb Run, a sector of the hadronic endcap calorimeter (HEC),
corresponding to 1.5 < [ < 3.2 and �c < q < �c/2 was disabled. An extensive software suite [22] 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.

The dĳet yield was measured as a function of
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where the superscript “c.m.” denotes variables translated in the center-of-mass frame of the collision,
while the subscripts 1 and 2 refer to the jets with the highest (leading) and second-highest (sub-leading) ?T
in a given event, respectively. ?T,Avg is the average transverse momentum, and Hb and H

⇤ are the boost, and
the half rapidity separation of the dĳet system, respectively. Note that H⇤ is directly related to the 2!2
scattering angle. These variables can be approximately related to
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the longitudinal momentum fractions carried by the incident partons in a 2!2 QCD scattering in the
proton and Pb nucleus, respectively.

Centrality in ?+Pb collisions can be directly related to the number of inelastic collisions between the proton
and the nucleons bound in the Pb nucleus. In this analysis, centrality was characterized using the total
transverse energy, ⌃⇢Pb

T , measured in the FCal in the Pb-going direction [9, 23, 24], with the resulting
distribution being divided into percentiles. A Glauber Monte Carlo (MC) model [25, 26] was used to relate
⌃⇢Pb

T to the average value of the nuclear thickness function, )AB [27], in a given centrality class. The
reported results were obtained using the 0–10% (central) and 60–90% (peripheral) centrality intervals. The

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the center of the LHC ring, and the H-axis points upwards.
Cylindrical coordinates (d,q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity
is defined in terms of the polar angle \ as [ = -ln tan(\/2). Angular distance is measured in units of �' ⌘

p
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This Letter presents measurements of the centrality dependence of the differential dĳet yield in ATLAS
?+Pb data at an NN center-of-mass energy of 8.16 TeV. It uses data collected in 2016 corresponding
to an integrated luminosity of 165 nb�1. The LHC was configured with a 6.5 TeV proton beam and a
Pb beam with an energy of 2.56 TeV per nucleon. In this measurement, positive (negative) rapidities
correspond to the proton-going (Pb-going) direction. The beam configuration resulted in a rapidity shift of
the center-of-mass by +0.465 units in the proton-going direction relative to the laboratory frame.

The measurement presented here was performed using the ATLAS calorimeters, inner detector, trigger,
and data acquisition systems [21]. The calorimeter system consists of a sampling liquid-argon (LAr)
electromagnetic (EM) calorimeter covering |[ | < 3.2,1 a steel-scintillator sampling hadronic calorimeter
covering |[ | < 1.7, LAr hadronic calorimeters covering 1.5 < |[ | < 3.2, and two LAr forward calorime-
ters (FCal) covering 3.2 < |[ | < 4.9. The EM calorimeters are segmented longitudinally in shower depth
into three layers with an additional presampler layer covering |[ | < 1.8. The hadronic calorimeters have
three sampling layers longitudinal in shower depth in |[ | < 1.7 and four sampling layers in 1.5 < |[ | < 3.2,
with a slight overlap in [. During the 2016 ?+Pb Run, a sector of the hadronic endcap calorimeter (HEC),
corresponding to 1.5 < [ < 3.2 and �c < q < �c/2 was disabled. An extensive software suite [22] 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.

The dĳet yield was measured as a function of
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where the superscript “c.m.” denotes variables translated in the center-of-mass frame of the collision,
while the subscripts 1 and 2 refer to the jets with the highest (leading) and second-highest (sub-leading) ?T
in a given event, respectively. ?T,Avg is the average transverse momentum, and Hb and H

⇤ are the boost, and
the half rapidity separation of the dĳet system, respectively. Note that H⇤ is directly related to the 2!2
scattering angle. These variables can be approximately related to
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the longitudinal momentum fractions carried by the incident partons in a 2!2 QCD scattering in the
proton and Pb nucleus, respectively.

Centrality in ?+Pb collisions can be directly related to the number of inelastic collisions between the proton
and the nucleons bound in the Pb nucleus. In this analysis, centrality was characterized using the total
transverse energy, ⌃⇢Pb

T , measured in the FCal in the Pb-going direction [9, 23, 24], with the resulting
distribution being divided into percentiles. A Glauber Monte Carlo (MC) model [25, 26] was used to relate
⌃⇢Pb

T to the average value of the nuclear thickness function, )AB [27], in a given centrality class. The
reported results were obtained using the 0–10% (central) and 60–90% (peripheral) centrality intervals. The

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the center of the LHC ring, and the H-axis points upwards.
Cylindrical coordinates (d,q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity
is defined in terms of the polar angle \ as [ = -ln tan(\/2). Angular distance is measured in units of �' ⌘
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• The lack of monotonic scaling with 
decreasing 𝑥Pb suggests that gluon 
saturation is unlikely to be the dominant 
source of the observed effect

This Letter presents measurements of the centrality dependence of the di!erential d"et yield in ATLAS
𝐿+Pb data at an NN center-of-mass energy of 8.16 TeV. It uses data collected in 2016 corresponding
to an integrated luminosity of 165 nb→1. The LHC was configured with a 6.5 TeV proton beam and a
Pb beam with an energy of 2.56 TeV per nucleon. In this measurement, positive (negative) rapidities
correspond to the proton-going (Pb-going) direction. The beam configuration resulted in a rapidity shift of
the center-of-mass by +0.465 units in the proton-going direction relative to the laboratory frame.

The measurement presented here was performed using the ATLAS calorimeters, inner detector, trigger,
and data acquisition systems [21]. The calorimeter system consists of a sampling liquid-argon (LAr)
electromagnetic (EM) calorimeter covering |𝑀 | < 3.2,1 a steel-scintillator sampling hadronic calorimeter
covering |𝑀 | < 1.7, LAr hadronic calorimeters covering 1.5 < |𝑀 | < 3.2, and two LAr forward calorime-
ters (FCal) covering 3.2 < |𝑀 | < 4.9. The EM calorimeters are segmented longitudinally in shower depth
into three layers with an additional presampler layer covering |𝑀 | < 1.8. The hadronic calorimeters have
three sampling layers longitudinal in shower depth in |𝑀 | < 1.7 and four sampling layers in 1.5 < |𝑀 | < 3.2,
with a slight overlap in 𝑀. During the 2016 𝐿+Pb Run, a sector of the hadronic endcap calorimeter (HEC),
corresponding to 1.5 < 𝑀 < 3.2 and →𝑁 < 𝑂 < →𝑁/2 was disabled. An extensive software suite [22] 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.

The d"et yield was measured as a function of
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the longitudinal momentum fractions carried by the incident partons in a 2↓2 QCD scattering in the
proton and Pb nucleus, respectively.

Centrality in 𝐿+Pb collisions can be directly related to the number of inelastic collisions between the proton
and the nucleons bound in the Pb nucleus. In this analysis, centrality was characterized using the total
transverse energy, ω𝑇Pb

T , measured in the FCal in the Pb-going direction [9, 23, 24], with the resulting
distribution being divided into percentiles. A Glauber Monte Carlo (MC) model [25, 26] was used to relate
ω𝑇Pb

T to the average value of the nuclear thickness function, 𝑈AB [27], in a given centrality class. The
reported results were obtained using the 0–10% (central) and 60–90% (peripheral) centrality intervals. The

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the 𝑉-axis along the beam pipe. The 𝑄-axis points from the IP to the center of the LHC ring, and the 𝑃-axis points upwards.
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This Letter presents measurements of the centrality dependence of the di!erential d"et yield in ATLAS
𝐿+Pb data at an NN center-of-mass energy of 8.16 TeV. It uses data collected in 2016 corresponding
to an integrated luminosity of 165 nb→1. The LHC was configured with a 6.5 TeV proton beam and a
Pb beam with an energy of 2.56 TeV per nucleon. In this measurement, positive (negative) rapidities
correspond to the proton-going (Pb-going) direction. The beam configuration resulted in a rapidity shift of
the center-of-mass by +0.465 units in the proton-going direction relative to the laboratory frame.

The measurement presented here was performed using the ATLAS calorimeters, inner detector, trigger,
and data acquisition systems [21]. The calorimeter system consists of a sampling liquid-argon (LAr)
electromagnetic (EM) calorimeter covering |𝑀 | < 3.2,1 a steel-scintillator sampling hadronic calorimeter
covering |𝑀 | < 1.7, LAr hadronic calorimeters covering 1.5 < |𝑀 | < 3.2, and two LAr forward calorime-
ters (FCal) covering 3.2 < |𝑀 | < 4.9. The EM calorimeters are segmented longitudinally in shower depth
into three layers with an additional presampler layer covering |𝑀 | < 1.8. The hadronic calorimeters have
three sampling layers longitudinal in shower depth in |𝑀 | < 1.7 and four sampling layers in 1.5 < |𝑀 | < 3.2,
with a slight overlap in 𝑀. During the 2016 𝐿+Pb Run, a sector of the hadronic endcap calorimeter (HEC),
corresponding to 1.5 < 𝑀 < 3.2 and →𝑁 < 𝑂 < →𝑁/2 was disabled. An extensive software suite [22] 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.

The d"et yield was measured as a function of
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where the superscript “c.m.” denotes variables translated in the center-of-mass frame of the collision,
while the subscripts 1 and 2 refer to the jets with the highest (leading) and second-highest (sub-leading) 𝐿T
in a given event, respectively. 𝐿T,Avg is the average transverse momentum, and 𝑃b and 𝑃
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the longitudinal momentum fractions carried by the incident partons in a 2↓2 QCD scattering in the
proton and Pb nucleus, respectively.

Centrality in 𝐿+Pb collisions can be directly related to the number of inelastic collisions between the proton
and the nucleons bound in the Pb nucleus. In this analysis, centrality was characterized using the total
transverse energy, ω𝑇Pb

T , measured in the FCal in the Pb-going direction [9, 23, 24], with the resulting
distribution being divided into percentiles. A Glauber Monte Carlo (MC) model [25, 26] was used to relate
ω𝑇Pb

T to the average value of the nuclear thickness function, 𝑈AB [27], in a given centrality class. The
reported results were obtained using the 0–10% (central) and 60–90% (peripheral) centrality intervals. The

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the 𝑉-axis along the beam pipe. The 𝑄-axis points from the IP to the center of the LHC ring, and the 𝑃-axis points upwards.
Cylindrical coordinates (𝑊,𝑂) are used in the transverse plane, 𝑂 being the azimuthal angle around the 𝑉-axis. The pseudorapidity
is defined in terms of the polar angle 𝑋 as 𝑀 = -ln tan(𝑋/2). Angular distance is measured in units of ε𝑌 ↘
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(ε𝑀)2 + (ε𝑂)2.

3



Possible explanation — color fluctuations
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• Color fluctuations: the effective size of proton 
depends on the Bjorken-x of its partons 

• Frozen configuration: at TeV energies, the 
proton traverses the Pb nucleus before its color 
configuration can change 

• Forward activity, such as FCal or ZDC energy, 
can be correlated with the hard scattering, 
rather than only with collision geometry

M. Alvioli, L. Frankfurt, D. V. Perepelitsa, and M. Strikman, PRD 98 (2018) 071502

Radek Jirásek HP 2026

Physics picture
● In Pb+Pb collisions: centrality reflects the activity in forward detectors well
● In p+Pb collisions: color fluctuations plays a role!

→ Proton “size” is dependent on
     the Bjorken-x of its partons
→ At TeV scales, Pb nucleus is transverse by p
    quickly with respect to the color fluctuations (CF)
→ Same CF though the passage of p in Pb

○ Model scenarios with same impact parameter:

17Introduction  →  Historical Context  →  Observables →  Physics Picture  →  Detector setup  →  Measurement  →  Results  →  Summary

3.8 10-7 fm

1.) Proton with a typical
  Bjorken-x parton

2.) Proton with a high
     Bjorken-x parton

= 8.16 
TeV

PRD 98 (2018) 071502

Same p+Pb impact parameter  

Different Bjorken-x 



Centrality bias in p+Pb with hard scattering
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• Decreasing UE energy and break-up neutrons with increasing xp 
• UE is more sensitive to the change in xp

ATLAS at the LHC

18
Zero degree calorimeters (ZDC) z=±140m: forward neutrons & photons |η|>8.3
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This Letter presents measurements of the centrality dependence of the di!erential d"et yield in ATLAS
𝐿+Pb data at an NN center-of-mass energy of 8.16 TeV. It uses data collected in 2016 corresponding
to an integrated luminosity of 165 nb→1. The LHC was configured with a 6.5 TeV proton beam and a
Pb beam with an energy of 2.56 TeV per nucleon. In this measurement, positive (negative) rapidities
correspond to the proton-going (Pb-going) direction. The beam configuration resulted in a rapidity shift of
the center-of-mass by +0.465 units in the proton-going direction relative to the laboratory frame.

The measurement presented here was performed using the ATLAS calorimeters, inner detector, trigger,
and data acquisition systems [21]. The calorimeter system consists of a sampling liquid-argon (LAr)
electromagnetic (EM) calorimeter covering |𝑀 | < 3.2,1 a steel-scintillator sampling hadronic calorimeter
covering |𝑀 | < 1.7, LAr hadronic calorimeters covering 1.5 < |𝑀 | < 3.2, and two LAr forward calorime-
ters (FCal) covering 3.2 < |𝑀 | < 4.9. The EM calorimeters are segmented longitudinally in shower depth
into three layers with an additional presampler layer covering |𝑀 | < 1.8. The hadronic calorimeters have
three sampling layers longitudinal in shower depth in |𝑀 | < 1.7 and four sampling layers in 1.5 < |𝑀 | < 3.2,
with a slight overlap in 𝑀. During the 2016 𝐿+Pb Run, a sector of the hadronic endcap calorimeter (HEC),
corresponding to 1.5 < 𝑀 < 3.2 and →𝑁 < 𝑂 < →𝑁/2 was disabled. An extensive software suite [22] 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.

The d"et yield was measured as a function of
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where the superscript “c.m.” denotes variables translated in the center-of-mass frame of the collision,
while the subscripts 1 and 2 refer to the jets with the highest (leading) and second-highest (sub-leading) 𝐿T
in a given event, respectively. 𝐿T,Avg is the average transverse momentum, and 𝑃b and 𝑃

↑ are the boost, and
the half rapidity separation of the d"et system, respectively. Note that 𝑃↑ is directly related to the 2↓2
scattering angle. These variables can be approximately related to
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the longitudinal momentum fractions carried by the incident partons in a 2↓2 QCD scattering in the
proton and Pb nucleus, respectively.

Centrality in 𝐿+Pb collisions can be directly related to the number of inelastic collisions between the proton
and the nucleons bound in the Pb nucleus. In this analysis, centrality was characterized using the total
transverse energy, ω𝑇Pb

T , measured in the FCal in the Pb-going direction [9, 23, 24], with the resulting
distribution being divided into percentiles. A Glauber Monte Carlo (MC) model [25, 26] was used to relate
ω𝑇Pb

T to the average value of the nuclear thickness function, 𝑈AB [27], in a given centrality class. The
reported results were obtained using the 0–10% (central) and 60–90% (peripheral) centrality intervals. The

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the 𝑉-axis along the beam pipe. The 𝑄-axis points from the IP to the center of the LHC ring, and the 𝑃-axis points upwards.
Cylindrical coordinates (𝑊,𝑂) are used in the transverse plane, 𝑂 being the azimuthal angle around the 𝑉-axis. The pseudorapidity
is defined in terms of the polar angle 𝑋 as 𝑀 = -ln tan(𝑋/2). Angular distance is measured in units of ε𝑌 ↘

√
(ε𝑀)2 + (ε𝑂)2.

3
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3 ZDC Energy is 6x more robust to 
biases induced by the hard scattering 
kinematics than the FCal Energy

- 6%

- 33%

Phys. Lett. B 877
(2026) 140440Sensitivity to initial kinematics

Comparison for mean <ΣET
FCal> 

& <EZDC>  as a function of xp:

ATLAS: PLB 877 (2026) 140440



Summary

34

• UPC photonuclear collisions are ATLAS’s small-x heavy-
ion frontier: jets constrain high-Q2 nPDFs, and adds 
geometry sensitivity, and coherent J/ψ probes low-x gluons 

• p+Pb dijets provide the essential baseline: their centrality 
dependence scales with xp, but not xPb, highlighting centrality 
bias and color-fluctuation effects 

• High-multiplicity photonuclear events connect small-x 
to collectivity: correlations and identified-hadron yields test 
the link between initial-state dynamics and final-state response

Introduction t t̄ production in Pb+Pb Jets in UPCs without nuclear break-up bA-dependent nPDFs in UPCs

Nuclear PDFs

! Top quarks and UPC jets provide novel
probes of nuclear parton distribution
functions (nPDF).

! A selection of world data constraining
nPDFs is shown on the (x ,Q2) plane.

! ATLAS covers a broad range of kinematic
phase space.

• t t̄ production in Pb+Pb collisions
PRL 134 (2025) 142301

• jets in UPCs without nuclear break-up
arXiv:2604.24435

• bA-dependent nPDFs in UPCs
arXiv:2604.20559

HP 2024 B. Gilbert
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Direct and resolved separation
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Figure 10: The fraction of events resulting from direct photon processes, extracted from template fits of the
∑

𝐿
ω𝐿

distributions, compared to the results from P!"#$% 8 using CJKL photon PDFs. Several di!erent intervals in 𝑀T are
shown. Error bars represent statistical uncertainties only.

5.3 Data-MC comparison

With the application of the corrections described above and a data-driven correction for breakup of the
photon-emitting nucleus (see Section 7), distributions of 𝑁 + 𝑂 events from the data can be compared
to the same distributions obtained from the P!"#$% 8 MC sample. This is done by scaling di!erential
cross-sections obtained from P!"#$% 8 by the integrated luminosity used in the measurement and comparing
the result to the di!erential distribution of 𝑃corr, the corrected yields, in the data. The gap selections
used in the analysis are not applied to the P!"#$% 8 sample since the data are already corrected for e!ects
described in Section 5.1, but the same requirements on reconstructed jets are applied and the kinematic
quantities for P!"#$% 8 are obtained from reconstructed jets.

Figure 11 shows distributions of the jet multiplicity and the azimuthal angle separation, ω𝑄, between the
two jets having the highest 𝑅jet

T values in the event. The P!"#$% 8 prediction systematically underestimates
the rate for events with more than two jets, likely because it only includes LO hard-scattering matrix
elements. This aspect of P!"#$% 8 is most likely responsible for the disagreement in the ω𝑄 distribution for
ω𝑄 ↭ 2.5 rad.

Figure 12 shows a comparison of 𝑆jets and 𝑀T distributions between P!"#$% 8 and data with corrections as
described in Section 5.1. In both MC and data, the 𝑆jets distributions are shifted toward the nucleus-going
direction because the typical photon energy is much smaller than that of the parton from which it scatters.
The 𝑆jets distribution in data appears to be enhanced compared to the MC at both backward (𝑆jets < →4)
and forward (𝑆jets > →1) 𝑆jets values, while the data and MC agree well for intermediate values of
𝑆jets. Nonetheless, the level of agreement is su"ciently good that P!"#$% 8 can be used to evaluate the

18

• Decomposition of direct and 
resolved processes based on 
sum of rapidity gaps  

• Good consistency with Pythia 8 
using CJKL photon PDFs

ΣγΔη



EMD and Impact Parameter
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Closer-passing (smaller 𝑏𝐴𝐴) UPCs expose each nucleus to a larger flux of soft photons. 
This yields a correlation between 𝑏𝐴𝐴 and the EMD rate  

Results from CMS (and others) indicate that forward neutrons correlate with bAA

EMD and Impact Parameter

19May 5th, 2026 DIS 2026, Bologna

PRL 127 (2021) 12, 122001

• Closer-passing (smaller 𝑏𝐴𝐴) UPCs expose each nucleus to a larger flux of soft photons.
• This yields a correlation between impact parameter and the rate of EM dissociation.

• Results from CMS (and others) indicate that forward neutrons correlate with bAA.

Validating the modified 
impact parameter

Photon-Emitting Nucleus

Struck Nucleus

z-axis

Side View Beam-line View

z-axis



Coincident UPC processesCoincident photon-induced processes in UPC

● High photon flux leads to the 
possibility of multiple photon-induced 
processes in a single collision

● Aim is to measure the coincident rate 
of γγ→μμ and γ+A→ ρ0+A

4

arXiv:2504.07795

● Motivation:
○ Estimation of the coincidence rate and 

its influence on UPC measurements
○ Providing insight on impact parameter 

dependence of photon-induced vector 
meson production

● Strategy:
○ Triggering on the muon pair
○ Exclusive γγ→μμ as the tagging 

process
○ Search for additional activity from 

ρ0→ππ decay● Data set: combined Pb+Pb data at
5.02 TeV (1.44 nb-1) and 5.36 TeV (3.17 nb-1)

Results

● In considered dimuon phase space about 1% of dimuon events coincide with 
ρ0 production

● Coincident rate increases for smaller impact parameters, and can be 
controlled by kinematics of the dimuon system

6

Impact of results

● No predictions for multi-UPC 
processes were available at the 
time of the measurement

● In response these results the 
SuperChic MC generator was 
updated to include coincident 
photon-induced interactions 
(Phys.Rev.D 112 (2025) 5, 054049)

● Good agreement of ATLAS data 
with SuperChic predictions

7

● ATLAS data
+ SuperChic predictions 38

Multiple scattering within one UPC collision? Multiple photon-
induced processes measured for the first time: 
• Rate of coincident γγ→μμ and γ+A→ρ0+A measured 
• Coincidence rate: 0.93 ± 0.04 (stat) ± 0.03 (syst) % 
• Rate increases with increasing dimuon mass and ZDC 

activity, i.e. correlated with impact parameter 
Implemented in SuperChic generators, PRD 112 (2025) 5

An = 0n + Xn



ATLAS Forward Proton (AFP) Detector

39

DESY. 6

● NEAR stations consist of Silicon Tracker Planes 
● FAR stations additionally have Time-of-Flight detectors
● Housed in Roman Pots: ~2mm from the beam during operation

What is the ATLAS Forward Proton (AFP) Detector?

| AFP Overview | Weronika Stanek-Maslouska | 6 July 2026 


