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Introduction

• Use variety of final states to provide insight into  
different stages of HI collisions


• Soft probes (bulk particle production)

• Hard probes

• Colour objects e.g. jets → partonic energy loss in QGP

• Colourless objects e.g. EW bosons → ‘standard candles’, nPDFs

• Also: quarkonia & HF particles
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Overview of ATLAS results, Sept 23rd, 2016

INTRODUCTION

➤ Use a variety of final states to provide insight 
into various stages of heavy-ion (HI) collisions 
➤ Hard probes:  

➤ Colourless objects e.g. electroweak 
bosons – standard candles in the QGP, 
nPDFs 

➤ Colour objects e.g. jets, hadrons, 
quarkonia – partonic energy loss in the QGP 

➤  Bulk particle production: 
➤ Initial geometry, initial conditions, collective 

behaviour, ridge etc
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One of the main 
goals of heavy-ion 
physics is to study 
the QGP

➤Use pp and p+Pb collisions 
➤Disentangle initial- and final-state effects 

➤NEW: utilise Xe collisions to shed light 
on a role of geometry in HI collisions

Heavy Ions: Results from the LHC
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Figure 1. The time evolution of a high energy heavy ion collision.

interferometry, correlations and fluctuations, resonance production, particle ratios,
etc. provide crucial information about the thermodynamics of the system.

• Electromagnetic probes: The electromagnetic probes, i.e. photons and dileptons
are produced at different phases of evolution. They are not distorted by final state
interactions and once produced can escape the interaction region, unaffected, carry-
ing to the detectors information about the conditions and properties of the medium
at the time of their production. The measurement of direct thermal radiation can be
used as a direct fingerprint of the hot and dense medium.

• Quarkonia and heavy flavour: Quarkonia (J/ ,  0, �c and ⌥ family) production
is considered to provide an unique signature of QGP [1]. It is a sensitive probe of
the hot and dense matter and of the gluon distributions and their modifications in
nuclei. The suppression of J/ production has long been predicted as an important
probe of a QGP formation [1], which occurs because a cc̄ pair formed by fusion
of two gluons from the colliding nuclei cannot effectively bind inside the QGP be-
cause of Debye screening. Excited states of the cc̄ system, such as  0 are more
easily dissociated and should be largely suppressed. For the heavier ⌥(bb̄) shorter
screening lengths are required than for the charmonium states. Heavy flavor pro-
duction, open and hidden, is considered among the most important probes for study
of QCD properties of the QGP.

• Electroweak probes: With the increase of center-of-mass energy at the LHC, elec-
troweak boson measurements are possible for the first time in heavy ion collisions.
The lifetimes of W and Z bosons are quite short and they decay within the medium,
and go unaffected through the hot and dense matter. Since leptons lose negligible
energy in the medium, be it partonic or hadronic, the leptonic decay channels of W
and Z may provide information about the initial state in heavy ion collisions.

• Hard probes: The availability of large amount of energy in the very early part of
the collision gives rise to a subset of high transverse momentum processes which
take place independent of the bulk, with the outgoing partons subsequently propa-
gating through the bulk medium. Jet quenching and energy loss of high pt hadrons
constitute the most important hard probes, which play important role in determining
the properties of hot and dense QCD matter.

3. LHC and its experiments

The accelerator complex at CERN is a succession of particle accelerators that can reach
increasingly higher energies, starting with the duoplasmatron source for the protons and
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In addition:

pp and p+Pb collisions 
→ reference to Pb+Pb and  

to understand initial-state effects 

ATLAS & CMS detectors 
designed to measure high-pT  
objects with good precision



Heavy ion collision geometry
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Central

Peripheral

Ultra Peripheral Collisions  
(UPC)

Leads to non-zero flow coefficients:



Nuclear modification factor
• Comparing HI and pp collisions where the geometrical scaling  

is removed
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Nuclear modification factor

7

pp reference

Yields in A+A

Typical observable: nuclear modification factor.

QCD in vacuum

QCD in medium

Compares HI and pp collisions and remove the geometrical scaling.
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(I) Heavy hadron production



RAA for muons from charm and bottom hadrons
• Muons from HF decays are separated from LF  

background using momentum imbalance between  
the inner detector and muon spectrometer


• Muons from c- and b-decays are further separated  
via the muon track's transverse impact parameter
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ATLAS, arXiv:2109.00411 [nucl-ex]



RAA for muons from charm and bottom hadrons
• Differential cross section in pp collisions is reproduced with FONLL calculations

• RAA: significant suppression is observed, stronger for c-hadron decays

• Measurements reproduced by theory (calculations include radiative and  

collisional energy loss mechanisms)
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ATLAS, arXiv:2109.00411 [nucl-ex]



RAA for muons from charm and bottom hadrons

• Simultaneous constraints imposed by RAA  
(this measurement) and flow measurements  
previously published by ATLAS [Phys. Lett. B 807 (2020) 135595]


• Provide important information for understanding  
heavy-quark transport and QGP properties 

• Calculations (Dreena-B model) agree qualitatively  
with both v2 and RAA
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ATLAS, arXiv:2109.00411 [nucl-ex]



Observation of Bc+  meson in Pb+Pb
• The signal is reconstructed from the three muons in the  

Bc+ → (J/ψ → μ+μ−)μ+νμ decay mode

• BDT is used to enhance the sensitivity

• Clear signal (well above 5 standard deviations) is observed
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CMS, arXiv:2201.02659 [hep-ex] 



Observation of Bc+  meson in Pb+Pb
• The process is also measured in pp collisions, in order to extract RAA

• No hints of significant suppression → may indicate heavy-quark 

recombination is a significant Bc+ production mechanism in the QGP 


•
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CMS, arXiv:2201.02659 [hep-ex] 



Evidence for X(3872) in Pb+Pb collisions
• X(3872) → J/ψπ+π−→ μ+μ−π+π- decay chain is studied

• The significance of the signal is 4.2 standard deviations

• The prompt X(3872) to ψ(2S) yield ratio is measured
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CMS, Phys. Rev. Lett. 128 (2022) 032001
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(II) Jet-medium interactions

  

Hard probes gallery

10

Different hard probes interact with medium differently. 

     

 

 

Vector bosons Jets

Interactions of medium and colored probe.
elastic scattering.
induced radiation.

fast partons loose energy      jet quenching

    
     

 

 

  

Update on di-jet asymmetry

18

ATLAS fully unfolded di-jet asymmetry distributions

   

ATLAS-CONF-2015-01

Significant shift toward large di-jet asymmetry in central HI 
collisions w.r.t. pp reference.

   



Jet Azimuthal Anisotropies in Pb+Pb
• Comprehensive measurement of jet vn (v2, v3, v4)

• Anti-kT R=0.2 jets with |y|<1.2 are studied

• vn values are extracted using fits to

• Systematic uncertainties dominated by jet energy scale 

and event plane estimation
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ATLAS, arXiv:2111.06606



Jet Azimuthal Anisotropies in Pb+Pb
• Nonzero values of v2 (values up to 0.05) and v3 (approx. 0.01) are measured 

• No significant deviation of v4 from zero is observed

• Theoretical calculations (transport models) in reasonable agreement with data
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ATLAS, arXiv:2111.06606



Large-radius jets in Pb+Pb
• Inclusive jet suppression: changing R=0.2 to 1.0 

• Possible recovery of the jet energy from  

of out-of-cone radiation 

• Possible difference in modification for  

larger vs smaller jets

15

CMS, JHEP 2105 (2021) 284 
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(III) Photon-induced interactions



Quasi-real photons from Pb ions
• Boosted nuclei are intense source of quasi-real photons

• Coherent photon flux

• Q ~ 1/R ~ 0.06 GeV for Pb @ LHC

• Emax ≾ γ/R ~ 80 GeV @5.02 TeV

• Each photon flux scales with ~Z2


• Various types of interactions possible:
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INTRODUCTION

QUASI-REAL PHOTONS FROM LEAD-NUCLEI

�4

Photon and Gluon Induced Processes 507 

Chapter 2 

Equivalent Photon Approximation 

A nucleus moving at nearly the speed of light has almost transverse electromagnetic fields; the electric 
and magnetic fields have the same absolute value and are perpendicular to each other. Therefore an 
observer can not distinguish between these transverse electromagnetic fields and an equivalent swarm 
of photons, see Fig-S.1 Equating the energy flux of the electromagnetic fields through a transverse plane 
with the energy content of the equivalent photon swarm yields the equivalent photon distribution n(w), 
which tells how many photons with frequency w do occur. This derivation is presented in the first 
Subsection. 

v=o 

Figure 2.1: Fermis idea leading to the Equivalent Photon Approximation: As the velocity of the charge ap 
proaches the speed of light, its electromagnetic field becomes Lore&-contracted (b) and similar 
to a parallel-moving photon-cloud (c). 

This is already the idea of the Equivalent Photon Approximation. It has been first developed by 
E. Fermi [57]. Often this method is also called Weizsiicker-Williams-Method as E. J. Williams [I351 
and C. F. v. Weizsicker [134] independently extended Fermis idea. A good review of results and various 

ar
X

iv
:h

ep
-p

h/
05

08
29

6v
1 

 2
9 

A
ug

 2
00

5

Probing small x parton densities in ultraperipheral AA and
pA collisions at the LHC

Mark Strikman∗

Pennsylvania State University, University Park, PA 16802, USA

Ramona Vogt†
Department of Physics, University of California, Davis, CA 95616, USA

and Nuclear Science Division LBNL, Berkeley, CA 94720, USA

Sebastian White‡
Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA

(Dated: January 6, 2014)

We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au" Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au" decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ‖ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-

Photon-pomeron:  
production of vector mesons  
(sensitivity to nPDF)

Photo-nuclear:  
jet photoproduction  
(probe nPDF directly)

Photon-photon:  
dilepton, diphoton!  
(& other exclusive states)

Experiments at RHIC & LHC have begun a systematic investigation of UPC, including:

• Boosted nuclei are intense source of quasi-real photons 

• Typically treated using EPA (Weiszacker-Williams) 

• Quantize classical field  

• Photons with E≾(ℏc/R)γ are produced coherently (Z2) 

• Up to ~80 GeV for Pb+Pb @ 5.02 TeV, 1.4 TeV for p+p!
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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have zero neutrons in one direction and one or more neutrons in the opposite direction, referred to as the
“0nXn” event topology. The photon-going direction is defined to be the direction in which zero neutrons
are observed. Background events are removed by requiring a minimum rapidity gap in this direction
and requiring that there is no large gap in the opposite direction. Corrections are applied to account
for signal events removed by these requirements, and thus they are not part of the fiducial definition
of the measurement. Event-level observables are constructed from all jets having transverse momenta
pT > 15 GeV and pseudo-rapidities |⌘ | < 4.4. Events are required to have two or more such jets and at
least one jet with pT > 20 GeV. The jets are used to define the event-level variables:
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where i runs over the measured jets in an event, E and ~p represent jet energies and momentum vectors,
respectively, and pz represents the longitudinal component of the jet momenta. The signs of pz are chosen
to be positive in the photon-going direction. A further requirement is imposed that the jet-system mass,
mjets, satisfies mjets > 35 GeV.

The di�erential cross-sections are measured as a function of HT and

z� ⌘
mjetsp

s
e
+yjets , xA ⌘

mjetsp
s

e
�yjets . (2)

In the limit of 2! 2 scattering kinematics, xA corresponds to the ratio of the energy of the struck parton
in the nucleus to the (per nucleon) beam energy. z� = x� y, where y is the energy fraction carried by the
photon. For direct processes, x� is unity, while for resolved events, it is the fraction of the photon’s energy
carried by the resolved parton entering the hard scattering.

The remainder of this note is structured as follows: Section 2 describes the ATLAS detector and the
triggers used for the measurements in this analysis. Section 3 describes the data and Monte Carlo (MC)
samples used in the analysis and provides information on how the MC sample obtained from P�����
is re-weighted for use in Pb+Pb collisions. Section 5 describes all aspects of the data analysis and the
measurement of the photo-nuclear dijet production cross-sections. Section 6 discusses the evaluation of
the systematic uncertainties, and Section 7 discusses possible backgrounds to the measurement. Section 8
presents the final results figures with comparison to Monte Carlo and theory. Section 9 summarizes this
note and provides conclusions.

2 ATLAS detector

The measurements described in this note are performed using the ATLAS detector [18] in the Run 2
configuration. They rely on the calorimeter system, the inner detector, the zero degree calorimeters,
and the trigger system. The calorimeters, which cover the pseudo-rapidity range |⌘ | < 4.91, are used
for measuring the jets and for the rapidity gap analysis. The inner detector is used to measure charged
particle tracks over |⌘ | < 2.5. The zero degree calorimeters (ZDCs), which measure neutrons emitted at
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 z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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of the measurement. Event-level observables are constructed from all jets having transverse momenta
pT > 15 GeV and pseudo-rapidities |⌘ | < 4.4. Events are required to have two or more such jets and at
least one jet with pT > 20 GeV. The jets are used to define the event-level variables:

HT ⌘
X

i

pT i , mjets ⌘
2666664
*
,
X

i

Ei
+
-

2

�
������
X

i

~pi

������
23777775

1/2

, yjets ⌘
1
2

ln
 P

i Ei +
P

i pz iP
i Ei �

P
i pz i

!
, (1)

where i runs over the measured jets in an event, E and ~p represent jet energies and momentum vectors,
respectively, and pz represents the longitudinal component of the jet momenta. The signs of pz are chosen
to be positive in the photon-going direction. A further requirement is imposed that the jet-system mass,
mjets, satisfies mjets > 35 GeV.

The di�erential cross-sections are measured as a function of HT and

z� ⌘
mjetsp

s
e
+yjets , xA ⌘

mjetsp
s

e
�yjets . (2)

In the limit of 2! 2 scattering kinematics, xA corresponds to the ratio of the energy of the struck parton
in the nucleus to the (per nucleon) beam energy. z� = x� y, where y is the energy fraction carried by the
photon. For direct processes, x� is unity, while for resolved events, it is the fraction of the photon’s energy
carried by the resolved parton entering the hard scattering.

The remainder of this note is structured as follows: Section 2 describes the ATLAS detector and the
triggers used for the measurements in this analysis. Section 3 describes the data and Monte Carlo (MC)
samples used in the analysis and provides information on how the MC sample obtained from P�����
is re-weighted for use in Pb+Pb collisions. Section 5 describes all aspects of the data analysis and the
measurement of the photo-nuclear dijet production cross-sections. Section 6 discusses the evaluation of
the systematic uncertainties, and Section 7 discusses possible backgrounds to the measurement. Section 8
presents the final results figures with comparison to Monte Carlo and theory. Section 9 summarizes this
note and provides conclusions.

2 ATLAS detector

The measurements described in this note are performed using the ATLAS detector [18] in the Run 2
configuration. They rely on the calorimeter system, the inner detector, the zero degree calorimeters,
and the trigger system. The calorimeters, which cover the pseudo-rapidity range |⌘ | < 4.91, are used
for measuring the jets and for the rapidity gap analysis. The inner detector is used to measure charged
particle tracks over |⌘ | < 2.5. The zero degree calorimeters (ZDCs), which measure neutrons emitted at
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 z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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Excellent agreement with PYTHIA6 reweighed to STARLIGHT
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Search for azimuthal anisotropies in γp interactions

• p+Pb data @8.16 TeV is used (69/nb)

• Two-particle (h+) angular correlations in γp events selected with large rapidity 

gaps and no n-emission from Pb, compared with minimum bias events with 
similar multiplicity
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CMS-PAS-HIN-18-008



Search for azimuthal anisotropies in γp interactions
• v2(pT) increases with pT 

• larger for γp-enhanced events than for MB events at the same multiplicity

• Likely due to the effect of jet correlations within the γp enhanced sample 

(note that no low-multiplicity subtraction technique is implemented due to very low-Ntrk)


•
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CMS-PAS-HIN-18-008



Azimuthal anisotropies in γPb
• Measurement done using photonuclear Pb+Pb  

UPC events
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ATLAS, Phys. Rev. C. 104 (2021) 014903



Azimuthal anisotropies in γPb
• Non-zero v2 is observed; some hints of non-zero v3

• The v2 values are smaller than those reported in pp and p+Pb collisions at 

similar particle multiplicities
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ATLAS, Phys. Rev. C. 104 (2021) 014903



γγ→μμ production in Pb+Pb
• Abundant rate → precision test of QED and initial photon fluxes

• Comprehensive measurement of cross sections in m, y, cos(theta), acoplanarity

• Fractions of events with singe and 

mutual EM dissociation → indirect  
probe of Pb+Pb impact parameter
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ATLAS, Phys. Rev. C 104 (2021) 024906

CMS,  PRL 127, 122001 (2021)



Search for axion-like particles in γγ interactions
• Light-by-light scattering process signature (γγ→γγ) used  

to search for ALPs in Pb+Pb collisions

• ATLAS and CMS provide the most stringent limits  

to date on ALPs for masses in the range 5-100 GeV
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ATLAS: JHEP 03 (2021) 243

CMS: Phys. Lett. B 797 (2019) 134826

Original idea:  
Knapen et al., PRL 118 (2017) 17, 171801



Summary
• Rich physics programme of HI collisions at the LHC 

• Heavy hadron production

• Experiments start to explore the production of “rare” hadrons (e.g. X(3872), Bc+)


• Production of jets

• Precision measurements allow to test theory calculations in more detail


• Ultra Peripheral Collisions (UPC) allow to probe photon-induced interactions 

• Unique environment to test the collective phenomena in small systems

• New testing ground for QED processes 

• Clean way to search for BSM particles that couple to photons


• Stay tuned for new results!
24!"#$%&'(#)*$+,$)'-.+/0/)#1$23$*"#$4'5+,"$60*+'/05$78#/)3$.'&$7)01#9+)$:;)"0/8#$<+*"+/$4'5+,"$=#*>&/,$4&'8&099#$



Backup
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Centrality estimation
• A+A collisions can be characterized by the centrality, quantified using e.g. the 

energy in forward calorimeters

26

centrality

centrality based on energy deposited in both sides of the Forward

Calorimeter (3.1 < |⌘| < 4.9)

pile-up events are removed from the analysis
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  Centrality estimation 

ATLAS-CONF-2011-075 

ALICE PRL 113 (2011) 032301 

A-A collisions can be characterized by the centrality, defined through b, Npart (Nspec)  

Ultra-peripheral collisions

0-10% corresponds 
to the most central 
collisions


