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Dimuons from !+! fusion in 
UPC and hadronic Pb+Pb 
collisions with ATLAS
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Exclusive !! processes
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Observing light-by-light scattering at the Large Hadron Co llider

David dÕEnterria1 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 ( ! ! ! ! ! ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon ßuxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The ! ! ! ! ! cross sections for diphoton masses m!! > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucl eon center-of-mass energies

"
sNN = 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 e! ciency selections.

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

Introduction. Ð The elastic scattering of two photons in vacuum (! ! ! ! ! ) is a pure quantum-mechanical
process that proceeds at leading order in the Þne structure constant, O(" 4), 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 Ðphoton scattering in the Coulomb Þeld of a nucleus (Delbr¬uck scattering) [3] and photon-splitting in
a strong magnetic Þeld (ÒvacuumÓ birefringence) [4, 5]Ð only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect! ! ! ! ! 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 ßuxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depict ed 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! ! ! ! ! process Ðin particular at the high invariant masses reachable
at photon collidersÐ 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].
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FIG. 1: Schematic diagram of elastic ! ! ! ! ! collisions in electromagnetic proton and/or ion interacti ons at the LHC. The
initial-state photons are emitted coherently by the proton s and/or nuclei which survive the electromagnetic interact ion.

Photon-photon collisions in ÒultraperipheralÓ collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23Ð27]. All charges accelerated at high energies generate electromagnetic
Þelds which, in the equivalent photon approximation (EPA) [28], can be considered as! 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 < 4á10−3 GeV2 for nuclei with RA # 1.2A1/3 fm,
for mass numberA > 16. Naively, the photon-photon luminosities are suppressed by a factor " 2 # 5á10−5 and

photon pair production!
(via quark, lepton, W, BSM? loops)
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exclusive µµ production is a pure QED process,!
one photon from each nucleus
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Exclusive processes & dissociation
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Figure 1: Diagrams for the (a) leading-order PbPb(��) ! µ+µ�(PbPb) and (b) next-to-leading-order PbPb(��) !
µ+µ� + �(PbPb) (middle) Breit–Wheeler process in Pb+Pb collisions, and (c) the dissociative PbPb(��?) !
µ+µ� + X(Pb?Pb) process where one photon is emitted from the substructure of one of the nucleons, leading to
nucleon fragmentation in the far-forward direction.

example of which is shown in Figure 1(b), where the muons are accompanied by additional resolved soft
photons in the final state. Dissociative processes, where one photon is emitted by charged constituents of
a nucleon, as shown in Figure 1(c), are also neglected by most models, in part due to the fact that these
processes are not coherently enhanced.

The study of exclusive dimuon cross sections, conditional on observations of forward neutron production
in the direction of one or both incoming nuclei, provides an additional experimental handle on the impact
parameter range sampled in the observed events [12, 18–20]. In any particular collision, soft photons
emitted by one lead nucleus (Pb) can excite the other (Pb?), typically through the giant dipole resonance
(GDR) [21], and induce the emission of one or more neutrons, each of which carry, on average, the full
per-nucleon beam energy. Since the probability of these excitations, as well as the overall hardness of the
photon spectrum, is correlated with the nucleus–nucleus impact parameter b [12], events with neutron
excitation are typically correlated with harder photon collisions. In STARlight, dilepton cross sections
associated with forward neutron production are calculated by convolving di�erential cross sections for
low-energy photonuclear neutron production with the expected photon fluxes, thus in principle providing
an essentially parameter-free prediction. Of course, the contribution from nucleonic dissociative processes
must be subtracted before comparisons with data.

Exclusive dimuon cross sections are usually presented as a function of the following quantities of the
dimuon final state:

• The dimuon invariant mass mµµ, which is equivalent to W , the center-of-mass energy of the colliding
�� system.

• The dimuon pair rapidity yµµ, which is the rapidity of the four-vector sum of the two muons.
Conservation of longitudinal momentum implies that yµµ is equal to the rapidity of the �� system.

• The cosine of the dimuon scattering angle #? in the �� center-of-mass frame, | cos #?µµ |. This is
calculated from the rapidities of the two muons, y+ and y�, as tanh [(y+ � y�)/2].

• The acoplanarity ↵ = 1 � |��µµ |/⇡ which reflects, in part, the initial dimuon pT,µµ.

While these are all final-state observables, the fact that the final state consists of only the two muons allows
the initial photon energies (k1 and k2) to be determined from the final-state muons. This is described in

4

 is the primary signal Breit-Wheeler process 
cross section implemented in STARlight, SuperChic, etc.

PbPb(! ! ) ! " +" " (Pb(# )Pb(# ))

 is a higher order Þnal state, also signal.!
Not in any existing MC, but now being addressed in calculations, and can be!

added to Þnal states (e.g. from STARlight) using Pythia8

PbPb(! ! ) ! " +" " ! (Pb(# )Pb(# ))

 is dissociative background (non-EPA) process, 
including nuclear breakup as well, modeled using LPair.

Pb+ p/Pb(! ! ) ! " +" " X(Pb#Pb(# ))
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Two-photon flux

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 
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Radial cuto" to nuclear 
distributions!

(or use measured form factors)

forward neutron!
topology!

(from photonuclear!
processes)

(no) hadronic!
interaction:!

Glauber calculation

x = kb/!

Two photon ßux convolves two separate nuclear photon densities,!
the probability of a hadronic process (violating exclusivity), and!

the probability (if required) of a speciÞc forward neutron topology
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ZDC selections
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topology is also Þltering on a !
range of impact parameters!
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and so modiÞes expected!
incoming photon spectrum

Klein & PAS, arXiv:2005.08172
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" 2015 Pb+Pb dataset, Lint  = 0.48 nb-1 

" Event trigger  
# Muon reconstructed at L1 with no p T selection$
# Maximum total limited to ET < 50 GeV to suppress hadronic events$
# At least one track reconstructed with pT>200 MeV to suppress empty events$
# No ZDC selection in primary trigger$

" Event & Þducial selection 
# Two good (ÒtightÓ) muons and no additional tracks$
# Fiducial selection:$

pTµ>4 GeV, |! µ|<2.4, mµµ > 10 GeV, pTµµ < 2 GeV 

# (optional) ZDC topology measured using calibrated energies$

" Corrections 
# Trigger e%ciency (measured)$
# Reconstruction e%ciencies (MC+data corrections)$
# Dissociative background $
# Bin migration (mainly at edges of pTµ1, pTµ2 = 4 GeV) - 1-3% e"ect

Exclusive dimuon dataset & analysis
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" Dimuon acoplanarity#
distributions in 
coarse m µµ and y µµ 
bins Þt with two 
templates 
# STARlight+Pythia8 to 

include FSR - full 
description of 0n0n$

# LPair to model 
dissociative 
contributions - needed 
for Xn0n and XnXn$

" Averaged over ZDC 
topologies, only 3% 
correction for lower 
mµµ, yµµ

Dissociative contributions
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Data compared to STARlight: yµµ
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Good agreement with STARlight 2.0, but systematic increase!
observed at higher yµµ
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Data compared to STARlight: mµµ
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" Incoming photon energies #
estimated assuming p T~0 

# $

" Distributions of maximum and 
minimum kmin,max  agree well 
with STARlight 
# Systematic di"erences observed 

at low and high k1,2$

" One obvious issue is 
requirement of b>R 1,2 in two-
photon ßux 
# Several authors already 

questioned this, but need to 
address systematically$

# Ignoring it completely gives 20% 
increase in predicted cross 
section

k1,2 = (m" " /2)exp(± y" " )

Photon energy distributions
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ZDC fraction vs. mµµ and yµµ
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Reasonable agreement with STARlight, but MC slightly overestimates!
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Non-exclusive µµ$from !!

µ

💥

µ

µ

The same µµ process can occur in non-UPC Pb+Pb collisions,!
albeit accompanied by hadronic backgrounds (e.g. HF):!

are the outgoing muons sensitive to initial (e.g. B Þeld) or Þnal (QGP) e"ects?

(initial studies from ATLAS & STAR already in the literature)
Phys. Rev. Lett. 121, 212301

k1
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Pb

Pb

Pb

µ+

µ!

Pb

1

Nearly perfect ßuid ! Hydrodynamic evolution

The system evolves from the initial energy density distribution

according to energy and momentum conservation:

! µTµ! = 0

Tµ! = ( " + P)uµu! " Pgµ! + #µ!

MUSIC B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys.Rev.Lett.106, 042301 (2011)

3+1D event-by-event relativistic viscous hydrodynamic simulation

initial ideal
shear viscosity

$/s = 0 .16

evolve to

%= 6 fm /c

Bjšrn Schenke (BNL) TRW2012 BNL 4/26

aforementioned mass regions, and the integrated excess
yields are shown in Fig. 3(c) as a function of centrality.
Compared to the hadronic cocktail shown as the dashed line
in the figure, the excess yields exhibit a much weaker
dependence on collision centrality, suggesting that had-
ronic interactions alone are unlikely to be the source of the
excess eþe− pairs.
In order to investigate the origin of the low-pT eþe−

enhancement, we compared our results to different models
[20,33,34] with the photonuclear and photon-photon con-
tributions employing the equivalent photon approximation
(EPA) method [35] in Auþ Au collisions. The model by
Zha et al. [33] takes into account the charge distribution in
the nucleus for estimating the photon flux. Conversely, the
model implemented in the STARlight MC generator
[10,34] treats the nucleus as a pointlike charge for evalu-
ating the photon flux and ignores eþe− production within
the geometrical radius of the nucleus. Both models assume
no effect of hadronic interaction on virtual photon
production and do not have uncertainty estimates. The
excess based on the model calculations is dominated by
photon-photon interactions, in which contributions from
Ref. [33] describe the 60%Ð80% centrality data fairly well
( ! 2=NDF ¼ 19=15, where NDF is the number of degrees
of freedom, in 0.4Ð2.6 GeV=c2), while the results from
STARlight underestimate the data ( ! 2=NDF ¼ 32=15). In
40%Ð60% centrality, both models can describe the data
within the large statistical uncertainties. The contributions
from photonuclear-produced " and # vector mesons, shown
as the dashed lines in Figs. 3(a) and 3(b), are found to be
negligible. STARlight predicts that the excess yields from
photon-photon interactions in Uþ U collisions are ∼40%
larger than those in Auþ Au collisions [34]. The observed
difference between Uþ U and Auþ Au collisions is
consistent with the theoretical prediction within large
uncertainties, as shown in Fig. 3(c).
To further explore the low-pT excess, the p2

T (≈ − t,
the squared four-momentum transfer) distributions of the
excess yields within the STAR acceptance for 60%Ð80%
centrality are shown in Figs. 4(a)Ð4(c) for three different
mass regions. The aforementioned photon-photon model
calculations for Auþ Au collisions are also shown in the
figures as dot-dashed and dot-dot-dashed lines. The
calculations from Ref. [33] fall below data points at
large p2

T values but overshoot data at low p2
T, especially

in the extremely low-p2
T region. The calculation from

STARlight is lower than that from Ref. [33] but has a
similar pT shape. The spectra dip in the data at extremely
low pT [p2

T < 0.0004ðGeV=cÞ2] and the discrepancy
in that pT region with models could be partially
attributed to the EPA method [35] without incorporating
nonzero photon virtuality [13,36]. Such a discrepancy
has been previously observed in the measured low-
mass eþe− cross section of photon-photon interactions
for p2

T < 0.000225ðGeV=cÞ2 in UPCs at RHIC [13].

The
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hp2

T i
p

, which characterizes the pT broadening, is
calculated for both the data and aforementioned photon-
photon models. In the data, a fit of the exponential
function (Ae−p

2
T=B

2
) is performed by excluding the first data

points and extrapolated to the unmeasured higher-p2
T region

to account for the missing contribution. The uncorrelated
systematic uncertainties arising from the raw signal extrac-
tion are added in quadrature to the statistical errors, and the
resulting total uncertainties are included in the fits. The
invariantmass dependence of the extracted
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p

is plotted
in Fig. 4(d) for both colliding systems. The

!!!!!!!!!!
hp2

T i
p

from
Auþ Au collisions are systematically larger than from
Uþ U collisions, and both increase slightly with an increas-
ing pair mass, although the systematic trends are marginally
at the level of 1.0Ð2.3$. The values of the
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T i
p

from
Auþ Au data are about 6.1$, 3.3$, and 1.8$ above models
[33,34] in the 0.4Ð0.76, 0.76Ð1.2, and 1.2Ð2.6 GeV=c2

mass regions, respectively. The general agreements
between the data and model calculations for pT and
invariant mass distributions of lþl− pairs produced by
photon-photon interactions in UPCs [13,15,17] are sug-
gestive of possible other origins of the pT broadening in
peripheral collisions as shown in Fig. 4(d). For example,
to illustrate the sensitivity the
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measurement may
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FIG. 4. The p2
T distributions of excess yields within the STAR

acceptance in the mass regions of (a) 0.4Ð0.76, (b) 0.76Ð1.2, and
(c) 1.2Ð2.6 GeV=c2 in 60%Ð80% Auþ Au and Uþ U colli-
sions. The systematic uncertainties are shown as gray boxes. The
solid and dotted lines are exponential fits to the data in Auþ Au
and Uþ U collisions, respectively. The dot-dashed and dot-dot-
dashed lines represent the p2

T distributions for the photon-photon
process from two models [33,34] within the STAR acceptance in
60%Ð80% Auþ Au collisions. The dashed lines illustrate the
corresponding p2

T distributions for eþe− pairs from the model
[33] traversing 1 fm in a constant magnetic field of 1014 T
perpendicular to the beam line. (d) The corresponding
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of
excess yields. The vertical bars on data points are the combined
statistical and systematic uncertainties.
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" Follow-up from pioneering measurements of 2015 Pb+Pb 
data, showing clear modiÞcations of dimuon angular 
distributions in 0-10% compared with >80% 

" Background subtraction is the primary problem in making 
the measurement 
# Dileptons from heavy ßavor have larger displacement$
# Drell-Yan and dissociation are small contributions, but are not 

included in existing MC (under renewed scrutiny for publication)$

" This measurement uses full 2015+2018 dataset (1.9 nb -1)

Non-exclusive µµ$from !!

1 Introduction

Recent measurements of dilepton production via!! scattering in non-ultra-peripheral (non-UPC or
inelastic) heavy ion collisions [1, 2], have stimulated signiÞcant interest due to the possibility that such
pairs can be used as electromagnetic probes of the quark gluon plasma created in such collisions [3,
4]. Indeed, measurements of the centrality dependence of dimuon acoplanarity in non-UPCPb+Pb
collisions at the LHC [1] have shown a systematic broadening of the acoplanarity distribution that is
consistent with expectations of electromagnetic scattering of one or both of the muons in the quark-gluon
plasma [3]. Similarly, a measurement of the di-electron pair transverse-momentum (pT) distributions in
non-UPCAu+Au collisions at RHIC showed a broadening compared to theoretical expectations for vacuum
production [2], that was found to be consistent with the expected deßection of the electrons in magnetic
Þelds produced by the nuclei [4]. However, it has been also argued that the e�ects observed in non-UPC
heavy ion collisions may result from initial-state e�ects, particularly an increase in the transverse momenta
of the scattering photons [5]. In order to experimentally distinguish between the various explanations of
the observed e�ect an increased data set as well as a reÞned analysis are needed. To address the limitations
in the available non-UPC!! di-lepton measurements, this note repeats and extends the measurements
presented in Ref. [1], taking advantage of the increased luminosity of the 2018 Pb+Pb run at the LHC.

This note presents results from an ATLAS measurement of non-ultra-peripheral production of!! ! µ+µ�
pairs in

p
sNN = 5.02 TeV Pb+Pbcollisions at the LHC using a combination of 2015 and 2018Pb+Pbdata

sets with a total integrated luminosity of1.9 nb�1. Candidate muon pairs are identiÞed using selections on
pairacoplanarity:

" ⌘ 1 � |�#|/$, (1)

andasymmetry:

A ⌘ (pT1 � pT2) /(pT1 + pT2) , (2)

where�# is the di�erence of the azimuthal angles1 #1 and#2 of the two muons, andpT1 andpT2 represent
the transverse momenta of the two muons. The contribution from pairs from heavy-ßavor (HF) decays
Ð the dominant source of background Ð are suppressed through requirements on how closely the muons
point to the vertex, and the residual backgrounds are estimated using a template Þtting method based on
the combined distance of closest approach of the two muons to the collision vertex. The resulting pair
yields and acoplanarity distributions, corrected for trigger and reconstruction e�ciency, are measured as a
function ofPb+Pbcollision centrality, rapidity, and average-pT, p̄T ⌘ (pT1 + pT2) /2, of the dimuon pair.
Distributions of the perpendicular transverse momentum:

k? ⌘ (pT1 + pT2) |($ � �#)|/2 = $" p̄T, (3)

are also presented and analyzed as functions of centrality andp̄T. The fraction of the!! ! µ+µ� yields in
each centrality interval to the total yields are also measured, as a function ofp̄T and the pair rapidity.

The outline of the note is as follows: Section2 describes the ATLAS detector and its subsystems. Section3
describes the data, Monte Carlo (MC) simulation samples, triggers and muon selections used in the analysis.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and thez-axis along the beam pipe. Thex-axis points from the IP to the center of the LHC ring, and they-axis points
upward. Cylindrical coordinates(r, #) are used in the transverse plane,# being the azimuthal angle around the beam pipe. The
pseudorapidity is deÞned in terms of the polar angle%as&= � ln tan(%/2).
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consistent with expectations of electromagnetic scattering of one or both of the muons in the quark-gluon
plasma [3]. Similarly, a measurement of the di-electron pair transverse-momentum (pT) distributions in
non-UPCAu+Au collisions at RHIC showed a broadening compared to theoretical expectations for vacuum
production [2], that was found to be consistent with the expected deßection of the electrons in magnetic
Þelds produced by the nuclei [4]. However, it has been also argued that the e! ects observed in non-UPC
heavy ion collisions may result from initial-state e! ects, particularly an increase in the transverse momenta
of the scattering photons [5]. In order to experimentally distinguish between the various explanations of
the observed e! ect an increased data set as well as a reÞned analysis are needed. To address the limitations
in the available non-UPC!! di-lepton measurements, this note repeats and extends the measurements
presented in Ref. [1], taking advantage of the increased luminosity of the 2018 Pb+Pb run at the LHC.

This note presents results from an ATLAS measurement of non-ultra-peripheral production of!! ! µ+ µ"

pairs in
#

sNN = 5.02 TeV Pb+Pbcollisions at the LHC using a combination of 2015 and 2018Pb+Pbdata
sets with a total integrated luminosity of1.9 nb" 1. Candidate muon pairs are identiÞed using selections on
pairacoplanarity:
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where! # is the di! erence of the azimuthal angles1 #1 and#2 of the two muons, andpT1 andpT2 represent
the transverse momenta of the two muons. The contribution from pairs from heavy-ßavor (HF) decays
Ð the dominant source of background Ð are suppressed through requirements on how closely the muons
point to the vertex, and the residual backgrounds are estimated using a template Þtting method based on
the combined distance of closest approach of the two muons to the collision vertex. The resulting pair
yields and acoplanarity distributions, corrected for trigger and reconstruction e" ciency, are measured as a
function ofPb+Pbcollision centrality, rapidity, and average-pT, øpT $ (pT1 + pT2) / 2, of the dimuon pair.
Distributions of the perpendicular transverse momentum:
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are also presented and analyzed as functions of centrality andøpT. The fraction of the!! ! µ+ µ" yields in
each centrality interval to the total yields are also measured, as a function oføpT and the pair rapidity.

The outline of the note is as follows: Section2 describes the ATLAS detector and its subsystems. Section3
describes the data, Monte Carlo (MC) simulation samples, triggers and muon selections used in the analysis.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and thez-axis along the beam pipe. Thex-axis points from the IP to the center of the LHC ring, and they-axis points
upward. Cylindrical coordinates(r, #) are used in the transverse plane,# being the azimuthal angle around the beam pipe. The
pseudorapidity is deÞned in terms of the polar angle%as&= " ln tan(%/ 2).
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1 Introduction

Recent measurements of dilepton production via �� scattering in non-ultra-peripheral (non-UPC or
inelastic) heavy ion collisions [1, 2], have stimulated significant interest due to the possibility that such
pairs can be used as electromagnetic probes of the quark gluon plasma created in such collisions [3,
4]. Indeed, measurements of the centrality dependence of dimuon acoplanarity in non-UPC Pb+Pb
collisions at the LHC [1] have shown a systematic broadening of the acoplanarity distribution that is
consistent with expectations of electromagnetic scattering of one or both of the muons in the quark-gluon
plasma [3]. Similarly, a measurement of the di-electron pair transverse-momentum (pT) distributions in
non-UPC Au+Au collisions at RHIC showed a broadening compared to theoretical expectations for vacuum
production [2], that was found to be consistent with the expected deflection of the electrons in magnetic
fields produced by the nuclei [4]. However, it has been also argued that the e! ects observed in non-UPC
heavy ion collisions may result from initial-state e! ects, particularly an increase in the transverse momenta
of the scattering photons [5]. In order to experimentally distinguish between the various explanations of
the observed e! ect an increased data set as well as a refined analysis are needed. To address the limitations
in the available non-UPC �� di-lepton measurements, this note repeats and extends the measurements
presented in Ref. [1], taking advantage of the increased luminosity of the 2018 Pb+Pb run at the LHC.

This note presents results from an ATLAS measurement of non-ultra-peripheral production of �� ! µ+ µ"

pairs in #
sNN = 5.02 TeV Pb+Pb collisions at the LHC using a combination of 2015 and 2018 Pb+Pb data

sets with a total integrated luminosity of 1.9 nb" 1. Candidate muon pairs are identified using selections on
pair acoplanarity:

↵ $ 1 " |! �|/⇡, (1)

and asymmetry:

A $ (pT1 " pT2) / (pT1 + pT2) , (2)

where ! � is the di! erence of the azimuthal angles1 �1 and �2 of the two muons, and pT1 and pT2 represent
the transverse momenta of the two muons. The contribution from pairs from heavy-flavor (HF) decays
– the dominant source of background – are suppressed through requirements on how closely the muons
point to the vertex, and the residual backgrounds are estimated using a template fitting method based on
the combined distance of closest approach of the two muons to the collision vertex. The resulting pair
yields and acoplanarity distributions, corrected for trigger and reconstruction e" ciency, are measured as a
function of Pb+Pb collision centrality, rapidity, and average-pT, øpT $ (pT1 + pT2) / 2, of the dimuon pair.
Distributions of the perpendicular transverse momentum:

k% $ (pT1 + pT2) |(⇡ " ! �)|/2 = ⇡↵ øpT, (3)

are also presented and analyzed as functions of centrality and øpT. The fraction of the �� ! µ+ µ" yields in
each centrality interval to the total yields are also measured, as a function of øpT and the pair rapidity.

The outline of the note is as follows: Section 2 describes the ATLAS detector and its subsystems. Section 3
describes the data, Monte Carlo (MC) simulation samples, triggers and muon selections used in the analysis.
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 beam pipe. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = " ln tan(✓/ 2).
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" Event level 
# Single and double muon triggers$
# Reconstructed vertex$

" Muon pair 
# Two opposite-signed muons, each with 

pT>4 GeV and |eta|<2.4$
# 4 < mµµ < 45 GeV$

" HF rejection by momentum imbalance 
# !  < 0.012$
# A < 0.08$

" HF rejection (signal selection) by 
impact parameter selection 

" ÒSignal candidatesÓ deÞned by #
d0pair  < 0.1 mm and z 0pair  < 0.2 mm 
# Removes 50% of HF in more central 
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Figure 2: Distributions of! EFCal
T for di! erent muon pair selections: pairs passing pre-selections only, additionally

passing the asymmetry and acoplanarity (A < 0.08, ! < 0.012) requirements, and additionally passing the
d0pair < 0.1 mm and(z0 sin(" ))pair < 0.2 mm requirements (labelled as ÒSignal candidatesÓ). The! EFCal

T distribution
for minimum-bias events (arbitrarily scaled) is also shown for comparison. The inset shows a zoomed version
covering the! EFCal

T range that deÞnes the UPC interval. The negative values in the! EFCal
T distributions arise from

e! ects related to suppression of signals from prior Pb+Pb interactions (see Ref. [17] and references therein).

pairs passing di! erent stages of pair selection: pre-selections only; additionally passing the asymmetry
and acoplanarity requirements; additionally passing thed0pair < 0.1 mm and(z0 sin(" ))pair < 0.2 mm
requirements. A large peak is observed in the distribution at! EFCal

T ! 0 GeVthat arises from## " µ+ µ#

pairs in ultra-peripheral collisions. Over the! EFCal
T < 10GeVrange (shown in the inset) there is only a

minor reduction in the total number of pairs when applying the asymmetry and acoplanarity requirements,
or when including thed0pair < 0.1 mm and(z0 sin(" ))pair < 0.2 mm requirements. This indicates that
most of the muon pairs over this! EFCal

T range are from the## " µ+ µ# process. For more central
events (larger! EFCal

T ) the total number of pairs is much larger than the pairs passing the asymmetry and
acoplanarity selections, indicating that the number## " µ+ µ# pairs is signiÞcantly smaller than the
number of background pairs.

4 Analysis

4.1 Trigger and reconstruction e! ciency

Since all dimuon pairs used in this analysis are nominally back-to-back in$ and, thus, well-separated in
the detector, the e" ciency of the dimuon triggers is assumed to result from independent single-muon
e" ciencies. The single-muon e" ciencies were evaluated as a function of muon transverse momentum
and the product of the muon charge and pseudorapidity,q%, using the minimum-biasPb+Pbdata set by
testing whether o# ine-reconstructed muons are matched to a trigger muon. Including the charge in the
pseudorapidity-dependence accounts for the e! ects of the bending of the muons in the toroidal Þeld. The
measured e" ciencies are smoothed using the sum of a Fermi function and a linear function. with the
latter accounting for a slow increase of e" ciency withpT in certainq%intervals. The single-muon trigger
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Figure 1: Left panel:d0pair distributions for muon pairs passing the pre-selections (black), and for pairs additionally
passing the asymmetry and acoplanarity (A < 0.08, ! < 0.012) selections (red). Right panel: similar plot for the
(z0 sin(" ))pair distributions. The vertical bars on both panels correspond to the statistical uncertainties, and are
typically too small to be seen.

required to be matched in angular space to the HLT reconstructed muons, to ensure that the same muon-pair
that Þred the trigger is the one used in the analysis.

For muon pairs passing the abovepre-selections, following the methods of Ref. [1], candidate## ! µ+ µ"

pairs are required to pass constraints on pair asymmetry and acoplanarity, which areA < 0.08 and
! < 0.012. These selections also signiÞcantly reduce the number of background muon pairs, which
primarily arise from heavy-ßavor decays. To further reduce HF backgrounds, which are typically produced
at displaced secondary vertices, requirements are placed on thed0pair and(z0 sin(" ))pair variables which
are deÞned as:

d0pair #
!

d0
2
1 + d0

2
2, (4)

(z0 sin(" ))pair #
!

(z01 sin(" 1))2 + (z02 sin(" 2))2. (5)

To be included in the analysis, pairs must haved0pair < 0.1 mm and(z0 sin(" ))pair < 0.2 mm. The
contribution from other backgrounds such as Drell-Yan and dissociative processes [13] is estimated to
be negligible over this range of asymmetry and acoplanarity. A total of$74 thousand muon pairs pass
these selections. Thed0pair requirement is not applied when performing the template Þtting described
in Section4.2. Figure1 shows thed0pair and(z0 sin(" ))pair distributions for muon pairs passing the pre-
selections, and for those passing the asymmetry and acoplanarity selections. It is seen that the asymmetry
and acoplanarity selections dramatically decrease the number of the candidate muon pairs. Further it
is observed that the fraction of rejected muon pairs increases with increasingd0pair and(z0 sin(" ))pair,
indicating a larger contribution of the HF background at largerd0pair and(z0 sin(" ))pair values.

As in previous ATLAS analyses [14, 15], the Pb+Pb collision centrality is characterized by the total
transverse energy measured in the ATLAS forward calorimeters,! EFCal

T . Centrality intervals are deÞned in
terms of percentiles of the minimum-biasPb+Pb! EFCal

T distribution. The centrality intervals used in this
analysis cover the 0Ð80% centrality range. A separate! EFCal

T interval,! EFCal
T < 10GeVÐ referred to below

as ÒUPCÓ Ð is deÞned to select nominally ultra-peripheral collisions, similar to those studied in Ref. [16].
The 10GeVthreshold is determined primarily by the resolution of the! EFCal

T measurement in UPC events.
Additionally a > 80%centrality class is used which includes all events more peripheral than the 80%
centrality, including the UPC events. Figure2 shows the! EFCal

T distribution for events having muon
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typically too small to be seen.

required to be matched in angular space to the HLT reconstructed muons, to ensure that the same muon-pair
that Þred the trigger is the one used in the analysis.

For muon pairs passing the abovepre-selections, following the methods of Ref. [1], candidate## ! µ+ µ"

pairs are required to pass constraints on pair asymmetry and acoplanarity, which areA < 0.08 and
! < 0.012. These selections also signiÞcantly reduce the number of background muon pairs, which
primarily arise from heavy-ßavor decays. To further reduce HF backgrounds, which are typically produced
at displaced secondary vertices, requirements are placed on thed0pair and(z0 sin(" ))pair variables which
are deÞned as:

d0pair #
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d0
2
1 + d0

2
2, (4)

(z0 sin(" ))pair #
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(z01 sin(" 1))2 + (z02 sin(" 2))2. (5)

To be included in the analysis, pairs must haved0pair < 0.1 mm and(z0 sin(" ))pair < 0.2 mm. The
contribution from other backgrounds such as Drell-Yan and dissociative processes [13] is estimated to
be negligible over this range of asymmetry and acoplanarity. A total of$74 thousand muon pairs pass
these selections. Thed0pair requirement is not applied when performing the template Þtting described
in Section4.2. Figure1 shows thed0pair and(z0 sin(" ))pair distributions for muon pairs passing the pre-
selections, and for those passing the asymmetry and acoplanarity selections. It is seen that the asymmetry
and acoplanarity selections dramatically decrease the number of the candidate muon pairs. Further it
is observed that the fraction of rejected muon pairs increases with increasingd0pair and(z0 sin(" ))pair,
indicating a larger contribution of the HF background at largerd0pair and(z0 sin(" ))pair values.

As in previous ATLAS analyses [14, 15], the Pb+Pb collision centrality is characterized by the total
transverse energy measured in the ATLAS forward calorimeters,! EFCal

T . Centrality intervals are deÞned in
terms of percentiles of the minimum-biasPb+Pb! EFCal

T distribution. The centrality intervals used in this
analysis cover the 0Ð80% centrality range. A separate! EFCal

T interval,! EFCal
T < 10GeVÐ referred to below

as ÒUPCÓ Ð is deÞned to select nominally ultra-peripheral collisions, similar to those studied in Ref. [16].
The 10GeVthreshold is determined primarily by the resolution of the! EFCal

T measurement in UPC events.
Additionally a > 80%centrality class is used which includes all events more peripheral than the 80%
centrality, including the UPC events. Figure2 shows the! EFCal

T distribution for events having muon
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Dimuon selection enhances HF$

! ,A selections suppresses HF$

impact parameter selection removes further 
residual HF contributions (centrality dep.)

ATLAS-CONF-2019-051
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Figure 4: Examples of template Þts to thed0pair distributions in the data. Each panel represents a di! erent centrality
interval. The error-bars shown on the data points and the templates are statistical uncertainties. The Þts are performed
over thed0pair < 0.3 mm range shown in the plots.
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Figure 5: The signal-fractions obtained from the template Þts as a function of centrality, for several selections oføpT.
The right-most points represent the >80% centrality interval. The error bars indicate statistical uncertainties only.
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Broadening in !  and kT

Figure9 shows the pair-rapidity (yµµ ) dependence of the normalized yields for three centrality and three
øpT ranges. The normalized yields decrease withyµµ , going to zero atyµµ = 2.4. This behavior primarily
results from the! acceptance of the two muons used to form the pair:|! | < 2.4, which forbids theyµµ to
be greater than±2.4. It is observed that the higherøpT ranges have larger normalized yields, as was seen in
Figure8, but now it is observed that this holds true independent ofyµµ .

6.2 Distributions of ! , A and k!
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Figure 10: The measured acoplanarity distributions. Also shown for comparison are the distributions obtained from
theSTAR!"#$%simulation samples; both the truth and reconstructed distributions. Plots are forpT > 4 GeV. Each
panel corresponds to a di! erent centrality interval.

The acoplanarity distributions after background subtraction are shown in Figure10 for several collision
centralities and forøpT > 4 GeV. The expected distributions, generated for the"" ! µ+ µ" process using
theSTAR!"#$%MC generator, are shown for comparison, both at the truth and reconstructed level. The
MC-reconstructed and measured distributions are similar in the UPC bins, and consistent with the truth
distributions. For more central collisions, signiÞcant di! erences are observed between the simulated and
measured distributions. As reported in Ref. [1], a centrality-dependent broadening of the# distributions is
observed. However, the measurement in this note shows in addition the emergence of a displaced peak, i.e.
a peak at# > 0, in more central collisions. This depletion at# = 0 is observed in Ref. [5], where it is
observed to arise from pure QED calculations that include an impact parameter dependence. These features
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Figure 10: The measured acoplanarity distributions. Also shown for comparison are the distributions obtained from
theSTAR����� simulation samples; both the truth and reconstructed distributions. Plots are forpT > 4 GeV. Each
panel corresponds to a di�erent centrality interval.

The acoplanarity distributions after background subtraction are shown in Figure10 for several collision
centralities and forøpT > 4 GeV. The expected distributions, generated for the"" ! µ+ µ� process using
theSTAR����� MC generator, are shown for comparison, both at the truth and reconstructed level. The
MC-reconstructed and measured distributions are similar in the UPC bins, and consistent with the truth
distributions. For more central collisions, signiÞcant di�erences are observed between the simulated and
measured distributions. As reported in Ref. [1], a centrality-dependent broadening of the# distributions is
observed. However, the measurement in this note shows in addition the emergence of a displaced peak, i.e.
a peak at# > 0, in more central collisions. This depletion at# = 0 is observed in Ref. [5], where it is
observed to arise from pure QED calculations that include an impact parameter dependence. These features
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indicate a signiÞcant modiÞcation in the angular correlation of dimuons produced via!! scattering in
inelastic Pb+Pb collisions compared to that in UPC events. Figure11shows the corresponding distributions
for k! , which show similar trends as the" distributions.
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Figure 11: The measuredk! distributions. Also shown for comparison are the distributions obtained from the
STAR����� simulation samples; both the truth and reconstructed distributions. Plots are forøpT > 4 GeV. Each panel
corresponds to a di! erent centrality interval.

Figure12compares the acoplanarity measurements in this note to those from Ref. [1] which were performed
using the 2015 Pb+Pb data set recorded by ATLAS. The two measurements are consistent, but with the
increased statistics the displaced peak can be observed clearly. The increase in the statistical precision
in the new measurements arises from several reasons: (a) a factor of" 4 increase in the integrated
luminosity, (b) inclusion of the L1Single trigger which gains about50%additional pairs, (c) use of the
medium working point for the muons, resulting in approximately20%additional pairs compared to the
tight working point, and (d) use of thed0pair and(z0 sin(#))pair requirements which reduces the background
contribution by" 50%, and consequently reduce the contribution from the background pairs to the statistical
uncertainties.

Figure13 shows background-subtractedA distributions compared to the generated and reconstructed
STAR����� MC distributions. As in Ref. [1], no signiÞcant broadening with centrality is observed. This
is because the resolution on theA measurement, demonstrated by the di! erence between the MC truth
and reconstructed distributions, is insu" cient to observe e! ects at the momentum scale implied by the"
modiÞcations [1].
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indicate a signiÞcant modiÞcation in the angular correlation of dimuons produced via!! scattering in
inelastic Pb+Pb collisions compared to that in UPC events. Figure11shows the corresponding distributions
for k! , which show similar trends as the" distributions.
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Figure 11: The measuredk! distributions. Also shown for comparison are the distributions obtained from the
STAR!"#$%simulation samples; both the truth and reconstructed distributions. Plots are forøpT > 4 GeV. Each panel
corresponds to a di! erent centrality interval.

Figure12compares the acoplanarity measurements in this note to those from Ref. [1] which were performed
using the 2015 Pb+Pb data set recorded by ATLAS. The two measurements are consistent, but with the
increased statistics the displaced peak can be observed clearly. The increase in the statistical precision
in the new measurements arises from several reasons: (a) a factor of" 4 increase in the integrated
luminosity, (b) inclusion of the L1Single trigger which gains about50%additional pairs, (c) use of the
medium working point for the muons, resulting in approximately20%additional pairs compared to the
tight working point, and (d) use of thed0pair and(z0 sin(#))pair requirements which reduces the background
contribution by" 50%, and consequently reduce the contribution from the background pairs to the statistical
uncertainties.

Figure13 shows background-subtractedA distributions compared to the generated and reconstructed
STAR!"#$%MC distributions. As in Ref. [1], no signiÞcant broadening with centrality is observed. This
is because the resolution on theA measurement, demonstrated by the di! erence between the MC truth
and reconstructed distributions, is insu" cient to observe e! ects at the momentum scale implied by the"
modiÞcations [1].
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indicate a signiÞcant modiÞcation in the angular correlation of dimuons produced via!! scattering in
inelastic Pb+Pb collisions compared to that in UPC events. Figure11shows the corresponding distributions
for k?, which show similar trends as the" distributions.
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Figure 11: The measuredk? distributions. Also shown for comparison are the distributions obtained from the
STAR!"#$%simulation samples; both the truth and reconstructed distributions. Plots are forøpT > 4 GeV. Each panel
corresponds to a di! erent centrality interval.

Figure12compares the acoplanarity measurements in this note to those from Ref. [1] which were performed
using the 2015 Pb+Pb data set recorded by ATLAS. The two measurements are consistent, but with the
increased statistics the displaced peak can be observed clearly. The increase in the statistical precision
in the new measurements arises from several reasons: (a) a factor of⇠ 4 increase in the integrated
luminosity, (b) inclusion of the L1Single trigger which gains about50%additional pairs, (c) use of the
medium working point for the muons, resulting in approximately20%additional pairs compared to the
tight working point, and (d) use of thed0pair and(z0 sin(#))pair requirements which reduces the background
contribution by⇠ 50%, and consequently reduce the contribution from the background pairs to the statistical
uncertainties.

Figure13 shows background-subtractedA distributions compared to the generated and reconstructed
STAR!"#$%MC distributions. As in Ref. [1], no signiÞcant broadening with centrality is observed. This
is because the resolution on theA measurement, demonstrated by the di! erence between the MC truth
and reconstructed distributions, is insu" cient to observe e! ects at the momentum scale implied by the"
modiÞcations [1].
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6.3 Dependence of! and k! distributions on øpT

The quantitative evaluation of the! broadening performed in Ref. [1] assumed that the broadening resulted
from physics process(es) that transfer a typical transverse momentum to the muons in the Þnal state.
Alternatively, the broadening could also result from increased transverse momentum of the photons in
the initial state. If the Þrst mechanism is dominant, then the! distributions should change shape with
increasingøpT. In particular, the broadening of the! distributions should decrease with increasingøpT as
1/ øpT. This also implies that thek! distributions would be similar for di! erent øpT ranges, ask! = "! øpT

(Eq. (3)). Figure14, shows the background-subtracted! andk! distributions for three centrality intervals
and for threeøpT ranges:øpT > 4, 5, and 6GeV. The! distributions clearly change shape withøpT, becoming
more peaked towards! = 0 at larger øpT. In contrast, distributions ofk! , shown in the bottom panels
of the Þgure, show no signiÞcant variation withøpT, in agreement with the original hypothesis. For the
remainder of this note, results will be presented and analyzed usingk! . This is because the relatively weak
pT dependence in thek! distributions (as compared to the! distributions) makes it easier to observe and
quantify the centrality-dependent trends observed in the data. Additionally, given the weak dependence of
k! on pT, the e" ciency corrections (Eq.(6)) which re-weight pairs based on thepT of the muons are not
applied.
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Figure 14: Top row: ! distributions after heavy-ßavor background subtraction shown for threeøpT intervals. Each
panel shows the measurements for a di! erent centrality interval. Bottom row: Similar plots but for thek! distributions.
The distributions are normalized to an integral of unity. The error bars indicate statistical uncertainties.

6.4 Rapidity gap dependence ofk!

A speciÞc prediction from Ref. [3] is that if the centrality-dependent modiÞcations of the! distributions
resulted from the muons being deßected in magnetic Þelds generated during thePb+Pbcollision, then the
broadening should vary with the rapidity di! erence between the two muons, here expressed in terms of
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" Clear increase in < kT> from peripheral to central events 
# Weaker dependence of the RMS$

" To capture evolution of peak position, a phenomenological Òshifted UPCÓ Þt 
is performed 

" QED calculations from Zha et al (PLB 800 (2020) 135089), which include an 
impact parameter dependence of the initial photon pT, predicted this feature

Centrality dependence of kT
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Figure 16: Left panel: the moments of thek! distribution, expressed as"kn
! #(1/ n), as a function of centrality. Right

panel: the average and standard deviation of thek! distribution. Plots are forøpT > 4 GeV. The error bars indicate the
statistical and systematic uncertainties added in quadrature. The last data-point corresponds to the> 80%centrality
class.
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Figure 17: The RMS di�erence ink! compared to the results results from the convolution + background Þt of Ref. [1].
The error bars indicate the statistical and systematic uncertainties added in quadrature.

distributions for the other centrality bins are then Þt using the same function where the Gauss functions are
allowed to be shifted by a common displacement and also simultaneously broadened. The broadening
is implemented by increasing the! 2 of the two original Gauss functions by the same (absolute) amount.
Additionally, a constant term is also included in the Þt as a parameter, to account for a slight non-zero
pedestal that develops in thek! distributions in the most central collisions. The resulting Þt functions are
reßected aroundk! = 0. Such a Þt function could follow from a hypothesis that some physical mechanism
introduces a deßection of one or both of the muons from their initial direction. However, for this note, the
primary purpose of the Þts is to provide an estimate of the peak position.

Results of the above-described Þtting procedure are shown in Figure18. The Þts describe thek!

distributions near the peak, but under-predict the data at higherk! . The peak positions obtained from
the Þts are shown in Figure19. Systematic uncertainties in the results are obtained by evaluating thek!

distributions under each systematic variation, re-Þtting the distributions to locate the new peak position,
and including the variation from the nominal peak position as a systematic uncertainty. The total systematic
uncertainty is obtained as the quadrature sum of the individual uncertainties. The most-probablek! values
increase systematically between peripheral and central collisions. In the 0Ð5% most central collisions, the
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Figure 19: Location of the peak position from the shifted-UPC Þts shown in Figure18. The error bars indicate
the statistical and systematic uncertainties added in quadrature. The plot is forøpT > 4 GeV. The last data-point
corresponds to the> 80%centrality class.

7 Conclusion

ATLAS has measured the production of dimuons via!! scattering processes in non-ultra-peripheralPb+Pb
collisions at

!
sNN = 5.02 TeV. The measurements were performed using data from the 2015 and 2018

Pb+Pb runs at the LHC which, together, provide an integrated luminosity of1.9 nb" 1. Backgrounds,
dominated by heavy ßavor decays, are evaluated using template Þts to the distribution of paird0. Normalized
yields of!! # µ+ µ" pairs are presented as a function ofPb+Pbcentrality in terms of the fraction of the
!! # µ+ µ" yield contained in each centrality interval. The yields, measured in three di! erent intervals of
muon average momentum,øpT > 4 GeV, øpT > 5 GeV, and øpT > 6 GeV vary only weakly with centrality,
except in the most central collisions where a signiÞcant increase is observed. Normalized yields are
presented as a function of pair rapidity,yµµ , for the øpT intervals indicated above. An increase in the
normalized yield withøpT is observed near mid-rapidity inPb+Pbcollisions with hadronic interactions,
compared to UPC collisions.

As observed in Ref [1], the acoplanarity distributions show a signiÞcant centrality dependence that is not
observed in the asymmetry distributions due to experimental resolution of the latter. The measurements in
this note are consistent with those in Ref. [1], but with the improved statistical precision of this measurement,
an additional depletion is observed in the acoplanarity distributions near" = 0. The" distributions are
observed to vary strongly withøpT, while distributions ofk$ are observed to be approximately independent
of øpT, as would be expected if the modiÞcation of the distributions results from a mechanism that imparts
a momentum to one or both of the muons in the Þnal state or to the photons in the initial state. Thek$

distributions show a centrality-dependent shift of the most-probablek$ value away fromk$ = 0. In the
0Ð5% most central collisions the peak in thek$ distribution is shifted by36± 1 MeV.
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distributions are shifted away fromk! = 0 by 36± 1 MeV.
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Figure 18: Fits to thek! distributions using a shifted version of thek! distribution in the UPC interval (see text).
Each panel represents a di! erent centrality interval. Plots are forøpT > 4 GeV.
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" Exclusive dimuons in Pb+Pb ( 🆕 arXiv:2011.12211) 
# Measured in 2015 Pb+Pb data$
# Wide range in mµµ, yµµ$
# Higher order contributions compatible with Pythia FSR$
# Dissociative contribution clearly distinguished and removed, using 

ZDC selections$
# Good agreement with STARlight, except at higher photon 

energies: needs closer look at integration boundaries.$
New constraints on our understanding of nuclear photon ßux  

" Non-exclusive dimuons (ATLAS-CONF-2019-051) 
# Now measured with 2015+2018 dataset$
# HF background extracted$
# Clear displaced peak observed in acoplanarity & k T distributions$
# Use of kT removes sensitivity to muon p T$

# Centrality dependence of distributions measured, and awaits 
detailed comparison to QED calculations

Summary and outlook: µµ$from !!
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Yield extraction
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Figure 7: The ↵ distributions prior to background subtraction (data points), together with the estimated background
(dashed lines) as defined in Eq. (9). Also shown are the uncertainties in the background level that arise from statistical
uncertainties on the signal fractions (continuous lines). Each panel represents a di�erent centrality interval.

the background distributions where the uncertainties correspond to statistical uncertainties on the signal
fraction.

A similar procedure is applied to the k? distributions. These are measured over a restricted interval,
k? < 300 MeV, and, thus, have slightly di�erent signal fractions from those obtained using the above-
described analysis. The signal fractions applied to the di�erential k? distributions are obtained from
template fits similar to those defined in Eq. 7, but for which the k? < 300 MeV restriction is applied when
forming the d0pair distributions. Then, the di�erential normalized yield per unit k?, dY/dk? is obtained
using Eq. 9 with d↵! dk? and �↵! �k? = 300 MeV.

5 Systematic uncertainties

This section discusses estimates of the uncertainties on the ↵ distributions and for the normalized yields.
The uncertainties on k? mirror the uncertainties on ↵ and are not discussed separately. The following
sources of systematic uncertainties are considered:

• Muon working point: The analysis is performed using the “medium” muon selection require-
ments [12]. The measurements are repeated using the “tight” working point [12], which results in an
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Figure 6: The ↵ distributions for background dimuons, obtained by requiring A > 0.08. Each panel represents a
di�erent centrality interval. The error bars correspond to statistical uncertainties. The line indicates a constant fit to
the data. The fits are performed over the ↵ < 0.02 range which is larger than the ↵ < 0.012 range used to select the
signal muons. This is done to allow the fit to be more sensitive to the shape of the background ↵ distribution.

where

Nall, p̄T
sig =

’
cent

Ncent, p̄T
sig .

The normalized yield is the ratio of the �� ! µ+µ� yield in a given centrality interval, to the total yield,
including the UPC contribution. About ⇠ 80% of the yield is present in the UPC collisions. This analysis
focuses on the �� ! µ+µ� distributions in the non-UPC collisions.

4.3 Background subtraction for ! and k! distributions

Once the signal fractions, f cent, p̄T
sig , are determined using the procedure discussed in Section 4.2, the

measured acoplanarity distributions can be corrected by removing the contribution of the background
pairs. This additionally requires the knowledge of the dependence of the background distribution on ↵, as
the template fits only give the fractional contribution of the background, not its dependence on ↵. The
shape of the background distribution in ↵ is obtained by requiring the muon pairs to have A > 0.08 in
addition to the pre-selections, similar to what is done for obtaining the background distributions for the
d0pair. The A > 0.08 requirement removes contributions from �� ! µ+µ� pairs to the ↵ distribution.
These ↵ distributions for the background, shown in Figure 6, are well approximated by a constant over the
↵ < 0.02 range. In order to avoid point-by-point fluctuations when subtracting the backgrounds, they are
taken to be constant over the measured ↵ range.

The subtracted, normalized yield per unit acoplanarity is given by:

dY cent, p̄T

d↵
=

1
Nall, p̄T

sig


dNcent, p̄T

d↵
�
⇣
1 � f cent, p̄T

sig

⌘ Ncent, p̄T

! ↵

�
, (9)

where dNcent, p̄T / d↵ is the di�erential acoplanarity distribution for a given centrality and p̄T interval, prior
to subtraction, Ncent, p̄T is the total number of pairs, and ! ↵ represents the acoplanarity range used in
the measurement, ! ↵ = 0.012. The last term in Eq. (9),

⇣
1 � f cent, p̄T

sig

⌘
N cent, p̄T

! ! , removes the constant
background from the measured acoplanarity distribution.

Figure 7 shows the acoplanarity distributions for multiple centrality intervals prior to background subtraction,
together with the estimated background contribution. Also shown are ±1� uncertainty bands around

10

Requiring A>0.08 gives a!
constant background in !

Normalized by fsig, allows !
! -dependent extraction of !
signal yield 
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Figure 3: Left panel: examples of the d0pair probability density distributions for signal dimuons (obtained from the
MC simulation) and background dimuons (obtained from data). The probability density distributions are shown for
an unbinned centrality interval that includes events with hadronic interactions as well as the UPC events. Right panel:
comparison of the d0pair template in the UPC interval before and after smearing to the d0pair probability distributions
in the data. The error bars on both panels correspond to statistical uncertainties, and are typically too small to be
seen.

accounting for the uncertainties in the measured d0pair distributions as well as the uncertainties in the signal
and background templates. Figure 4 shows examples of the template fits to the d0pair distributions for
several centrality intervals, for p̄T > 4 GeV. In all centrality intervals, the template fits well reproduce the
data; the minimum �2 values are consistent with expectations given the number of degrees of freedom.

The fits are performed over the d0pair < 0.3 mm range, to be sensitive to the tail of the d0pair distribution.
However, the signal fractions, fsig, are evaluated by applying the d0pair < 0.1 mm selection and evaluating
the fraction of the template fit (Eq. (7)) over this range that is accounted for by the signal template:

fsig =

Ø 0.1 mm
0 mm ffit

dPsig
d(d0pair)d(d0pair)Ø 0.1 mm

0 mm

⇣
ffit

dPsig
d(d0pair) + (1 � ffit) dPbkg

d(d0pair)
⌘

d(d0pair)
.

Figure 5 shows the fsig values obtained from the template fits as a function of centrality for di�erent
selections on p̄T. Generally, the signal fraction increases systematically from central collisions, where the
backgrounds are largest and fsig ⇠ 45% for p̄T > 4 GeV, to the UPC interval where the backgrounds are
negligible. The same trend is observed for the p̄T > 5 GeV and p̄T > 6 GeV cases. The signal fractions
increase with increasing p̄T, especially in the most central collisions.

The yield of signal pairs in a given combination of centrality and p̄T intervals is given by

Ncent, p̄T
sig = f cent, p̄T

sig ⇥ Ncent, p̄T .

where f cent, p̄T
sig and Ncent, p̄T are the signal fraction and e�ciency-corrected number of muon pairs, respectively,

for the centrality and p̄T selection. “Normalized yields”, defined as the fraction of all signal �� ! µ+µ�
pairs contained within a given centrality and p̄T interval, are calculated according to

Y cent, p̄T ⌘
Ncent, p̄T

sig

Nall, p̄T
sig

, (8)
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Figure 3: Left panel: examples of thed0pair probability density distributions for signal dimuons (obtained from the
MC simulation) and background dimuons (obtained from data). The probability density distributions are shown for
an unbinned centrality interval that includes events with hadronic interactions as well as the UPC events. Right panel:
comparison of thed0pair template in the UPC interval before and after smearing to thed0pair probability distributions
in the data. The error bars on both panels correspond to statistical uncertainties, and are typically too small to be
seen.

accounting for the uncertainties in the measuredd0pair distributions as well as the uncertainties in the signal
and background templates. Figure4 shows examples of the template Þts to thed0pair distributions for
several centrality intervals, forøpT > 4 GeV. In all centrality intervals, the template Þts well reproduce the
data; the minimum! 2 values are consistent with expectations given the number of degrees of freedom.

The Þts are performed over thed0pair < 0.3 mm range, to be sensitive to the tail of thed0pair distribution.
However, thesignal fractions, fsig, are evaluated by applying thed0pair < 0.1 mm selection and evaluating
the fraction of the template Þt (Eq. (7)) over this range that is accounted for by the signal template:

fsig =

! 0.1 mm
0 mm fÞt

dPsig

d(d0pair)
d(d0pair)

! 0.1 mm
0 mm

"
fÞt

dPsig

d(d0pair)
+ (1 ! fÞt)

dPbkg

d(d0pair)

#
d(d0pair)

.

Figure5 shows thefsig values obtained from the template Þts as a function of centrality for di! erent
selections onøpT. Generally, the signal fraction increases systematically from central collisions, where the
backgrounds are largest andfsig " 45%for øpT > 4 GeV, to the UPC interval where the backgrounds are
negligible. The same trend is observed for theøpT > 5 GeV and øpT > 6 GeV cases. The signal fractions
increase with increasingøpT, especially in the most central collisions.

The yield of signal pairs in a given combination of centrality andøpT intervals is given by

Ncent, øpT
sig = f cent, øpT

sig # Ncent, øpT .

wheref cent, øpT
sig andNcent, øpT are the signal fraction and e" ciency-corrected number of muon pairs, respectively,

for the centrality andøpT selection. ÒNormalized yieldsÓ, deÞned as the fraction of all signal"" $ µ+ µ!

pairs contained within a given centrality andøpT interval, are calculated according to

Ycent, øpT %
Ncent, øpT

sig

Nall, øpT
sig

, (8)
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Centrality dependent yields

6 Results

6.1 Normalized yields

Figure 8 shows the normalized yields of �� ! µ+µ� dimuon pairs, Y , calculated according to Eq. (8) and
then divided by the width of the centrality interval, in various such intervals and for three p̄T ranges: p̄T > 4,
5 and 6 GeV. For a given p̄T interval, it is observed that the Y values increase from peripheral to central
events, i.e. the fraction of �� ! µ+µ� dimuon pairs produced in central events per centrality percentile
is larger than in peripheral events. It is also observed that at higher p̄T, a larger fraction of �� ! µ+µ�

pairs is produced in more central events. This is compensated by a reduction of the normalized yields in
the UPC interval (not shown in Figure 8), since by construction the normalized yields add up to one (see
Eq.(8)). This result indicates that the spectra of �� ! µ+µ� dimuons becomes harder with decreasing
impact parameter of the Pb+Pb collision.
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Figure 8: Normalized yields of �� ! µ+µ� dimuon pairs divided by the width of the centrality interval in percentile,
as function of centrality. The measurements are shown for three p̄T selections. The vertical bars and shaded bands
correspond to statistical and total uncertainties, respectively.
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respectively.
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Weak centrality dependence!
of fraction yield except in!
the most central events$

Higher fractional yield at larger!
average pT in central events.

Larger yields at higher pT !
in central events do not !
have strong rapidity!
dependence
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Data compared to STARlight: |cos( ! *)|
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After restricting comparisons to |y µµ|<0.8, to avoid di"erences!
at larger |yµµ|, good agreement in scattering angle (Breit-Wheeler)
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