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1. Introduction

The Large Hadron Collider (LHC) is not only the highest energy proton-proton (pp) collider
in the world, but also the world’s highest energy lead-lead (Pb+Pb) collider. As the lead-ions are
highly charged, they are surrounded by intense electromagnetic (EM) fields. These EM fields act
as a cloud of quasi-real photons and high energy photon-photon collisions can occur. When the
impact parameter between the lead-ions is greater than twice the ion radius, the collision is referred
to as an Ultra-Peripheral Collision (UPC). UPCs are interesting as in this regime photon-photon
collisions can dominate. Photon-photon collisions in Pb+Pb UPCs profit from a Z* cross-section
enhancement, where Z is the atomic number and Z=82 for lead. Furthermore, they also profit
from low trigger thresholds and negligible levels of hadronic pile-up compared to photon-photon
collisions in pp data. The low thresholds enable access to unique low transverse momentum pr
phase space.

The ATLAS experiment [1] has been used to measure differential cross-sections for a range of
UPC processes in y/syn = 5.02 TeV Pb+Pb collisions. This includes photon-induced di-electron
vy — ee [2] and photon-induced di-muon yy — wuu [3] processes. For the third generation
7-leptons, the photon-induced di-tau process yy — 77, illustrated in Figure 1, was observed in
Pb+Pb collisions by ATLAS [4] and CMS [6, 7], and in pp collisions by CMS [8]. Following
observation, the results presented in this proceeding show the first differential yy — 77 cross-
section measurements in Pb+Pb collisions at the LHC [5].
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Figure 1: Example Feynman diagram for the photon-induced di-tau process yy — 771 in Pb+Pb collisions.
In this case, one tau-lepton 7 decays to a muon u, a muon neutrino v, and a tau-neutrino v, the other
tau-lepton 7 decays to a charged pion 7%, a neutral pion 7°, and a tau-neutrino v. Figure from Ref. [5].

2. Experimental method

The measurement of differential yy — 77 cross-sections in Pb+Pb collisions [5] utilises the full
LHC Run 2 Pb+Pb dataset, comprising 1.93 nb™! of Pb+Pb data recorded in 2015 and 2018 at \/sy N
=5.02 TeV. The differential cross-sections are sensitive to the 7-lepton anomalous electromagnetic
moments due to the two y77 vertices in Figure 1. They are also sensitive to spin correlation effects,
7-lepton decay modelling and the two-photon luminosity, which in turn depends on the photon-flux
surrounding the ions and on the survival factor which governs the probability of ion break-up. The
vy — 7T signal process is estimated using Monte Carlo (MC) simulation, specifically, the nominal
sample is generated using STARLIGHT 2.0 [9] with the photon-flux re-weighted to match that of the
SuperCHIc 3.05 generator [10]. Tavora [11, 12] is used to decay the 7-leptons and PyTHia 8.245
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[13] and PHoTtos++ 3.61 [14] were used to model final state radiation from the 7-leptons and the
charged decay products of the 7-leptons, respectively.

The 7-lepton is the only lepton heavy enough to decay to hadronic final states. The 7-leptons
in this analysis typically have low momentum, up to a few tens of GeV. Therefore, they are below
the ATLAS hadronic tau reconstruction threshold. To identify yy — 77 events electrons and
muons with transverse momentum! pr(e/u) > 4 GeV are utilised for leptonic decay modes and
charged-particle tracks with pr(trk) > 100 MeV are utilised to reconstruct hadronic decays as well
as leptonic decay modes below the lepton reconstruction thresholds, referred to as low-momentum
leptons throughout the rest of the proceeding. Three signal regions (SRs) are defined. The pe-SR
selects events in which one 7-lepton decays to a muon plus neutrinos and the other 7-lepton decays
to an electron plus neutrinos. The 1 T-SR selects events where one 7-lepton decays to a muon plus
neutrinos and the other 7-lepton decays to a low-momentum lepton plus neutrinos or to a charged
hadron plus a neutrino and potentially neutral hadrons. Finally the 3T-SR selects events in which
one 7-lepton decays to a muon plus neutrinos and the other 7-lepton decays to three charged hadrons,
a neutrino and potentially neutral hadrons.
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Figure 2: Detector-level muon pr distribution in u1T-SR (left), u3T-SR (middle) and we-SR (right). Figures
from Ref. [5].

After applying event selection criteria, the main background process is photon-induced di-muon
production yy — uu. This process is estimated using MC simulation, specifically, the STARLIGHT
generator is utilised and interfaced to PyTHia 8 to model final state radiation from the muons. A
dedicated yy — upy sample is produced using MADGrRAPHS_AMC@NLO 2.9 [15]. Similarly to
the signal sample, for the yy — pu(y) samples the photon-flux is re-weighted to match that of
the SuperCHIC generator. The second largest background after event selection is the diffractive
photo-nuclear background, which is estimated using a data-driven approach. The detector-level
muon transverse momentum distribution in each SR are shown in Figure 2.

'ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of
the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the
y-axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as = —Intan(f/2) and is equal to the rapidity

y=4 5 In ( Zz ) in the relativistic limit. Angular distance is measured in units of AR = +/(Ay)2 + (A¢)2.
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Table 1: Truth-level object requirements and region selections for the fiducial regions are shown. Table
adapted from Ref. [5].

Object Requirements

Leptons (e,u) pr >4 GeVand |n| <2.5

Hadrons pr > 100 MeV and |n| < 2.5
Low-pr Leptons (ejow,tiow) 100 MeV < pr < 4 GeV and || < 2.5
Track particles (t) Hadron or low-pr lepton

Region ul1T-FR u3T-FR ue-FR
0n0n topology 0n0n weights for MC

Ny, =1 =1 =1
N, =0 =0 =1
N;(AR > 0.1 from y or e) = = =0
2,1.1(s) or e Charge =0 =0 =0
j > 1 GeV —
msy — <1.7GeV —
Al <04 <02 —

3. Differential cross-sections

Differential cross-sections are measured in three fiducial regions (FRs) referred to as ue-FR,
p1T-FR and pu3T-FR. The selections applied for these three regions, defined in Table 1, are similar
to the object and signal region selections applied at detector-level. Transverse momentum pr
and pseudorapidity n requirements are applied to objects. For the fiducial regions, OnOn weights
derived from data and corrected for EM pileup are applied to re-weight the MC (which is generated
inclusively in forward neutron topology) to a OnOn topology with no forward neutrons detected by
the Zero Degree Calorimeters on either side of ATLAS. Requirements are applied on the number
of muons in the event N, the number of electrons in the event N,, the number of charged-particle
tracks with AR > 0.1 from the muon u or electron e, and on the sum of charge over muons, tracks
and electrons in the event », ;) or ¢ Charge. Furthermore, for 41T-FR the muon-track system pr
must be above 1 GeV, for u3T-FR the mass of the three track system must be below 1.7 GeV and
for u1T-FR and the u3T-FR the acoplanarity between the muon and the track(s), which is defined
as A;’trk(s) =1 —|A¢(u, trk(s))|/x, must be less than 0.4 and less than 0.2, respectively. In each FR,
distributions for seven variables are measured to access kinematics of the yy — 77 events. The
distributions are unfolded using Bayesian iterative unfolding [16, 17] and the bootstrap method [18]
to account for statistical correlations.

The differential cross-sections for the muon transverse momentum in each FR are shown in
Figure 3. The unfolded data are compared to STARLIGHT with the photon-flux re-weighted to
match SuperCHIc plus PytHiA 8, TauoLA and PHoTos++ (blue triangles), STARLIGHT with the
photon-flux re-weighted to match SupErCHiIc plus PyTHiA 8 and PHoTos++ (red triangles) and
STARLIGHT plus PyTHiA 8, TauoLA and PHoTOs++ (purple diamonds). The photon-flux depends
on the nuclear charge distribution. For the STARLIGHT generator the nuclear charge distribution is
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modelled as a point charge with a cutoff in impact parameter integration at the radius of the lead-ion.
For SuperCHiIc the charge distribution is modelled as a Woods-Saxon distribution with no cutoff in
impact parameter integration. The unfolded data is seen to agree better with the simulated samples
with the photon-flux re-weighted to match SuperCHic. For the sample which uses the STARLIGHT
photon-flux, there is ~20% difference compared to the unfolded data due to the cutoff in impact
parameter integration. This has also previously been observed in measurements of yy — ee and
vy — uu. The measurement is statistically limited with ~10-50% statistical uncertainty per bin
and the total systematic uncertainty is ~5-10% per bin.
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Figure 3: Differential cross-sections for muon pt in ulT-FR (top left), u3T-FR (top right) and pe-FR
(bottom). Figures from Ref. [5].

4. Conclusion

This proceeding presents the first differential cross-section measurements of yy — 71 in UPC
Pb+Pb collisions. The measurements are made using the full LHC Run 2 Pb+Pb dataset comprising
1.93 nb™! recorded at \/syn = 5.02 TeV. In total 21 differential cross-sections have been measured,
comprising seven variables in three Fiducial Regions. The differential cross-sections are sensitive to
the 7-lepton electromagnetic moments as well as spin correlation effects, 7-lepton decay modelling
and the two-photon luminosity.
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