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The large equivalent-photon fluxes accompanying Pb ion beams at the LHC initiate photon-
photon and photo-nuclear interactions which dominate when the colliding nuclei have large im-
pact parameter (ultra-peripheral collisions). These electromagnetically-induced processes are
sensitive to the nuclear wave-function and in particular the nuclear modifications of the nucleon
parton distribution functions (nPDFs). As such, they are complementary to the ongoing p+A
program at RHIC and the LHC, as well as the upcoming electron-ion collider (EIC) program in
the US. High-mass dilepton pair continuum rates have been measured and compared with the-
oretical predictions to test expectations for two-photon interactions, and good agreement with
model calculations is obtained. Evidence for the elastic scattering of photons γγ→ γγ (“light-by-
light” scattering) will be presented, a previously unobserved process made possible by the high
photon flux and low event pileup provided by the LHC. While of intrinsic interest as a heretofore-
unobserved standard model process, it has also been proposed as a clean channel for searches for
beyond the standard model (BSM) physics.
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Electromagnetic processes in ultra-peripheral lead-lead collisions with ATLAS

1. Introduction

The data from the collisions of ultrarelativistic lead nuclei can be explored not only in the
regime in which they are interacting hadronically producing dense nuclear matter known as the
quark-gluon plasma but also when the impact parameter of the collision b (see Figure 1) is much
larger than the sum of the radii of the colliding particles favouring the purely electromagnetic (EM)
interactions. In the second scenario, known under a term of Ultra-Peripheral Collisions (UPC), the
strong EM fields surrounding the nuclei can be thought of as the fluxes of quasi-real photons and
the EM reaction itself can be treated as the photon-photon interaction. Such an approach proposed
for the first time by Fermi [1] is known as the Weizsacker-Williams [2, 3] or Equivalent Photon
Approximation (EPA).

2RPb < b

Figure 1: The ultra-peripheral collision of two lead ions. The electromagnetic interaction between the ions
can be described as photon-photon interaction producing final state X .

Within the framework of this approximation, it is possible to express the cross-section of
(quasi)electromagnetic interaction as the integral of the elementary QED cross-section weighted
by the number of photons of energy ω denoted here as n(ω)

σ
EPA
A1A2(γγ)→A1A2X =

∫ ∫
dω1dω2 n1 (ω1)n2 (ω2)σγγ→X

(
Wγγ

)
,

where the latter can be obtained by the integration of charge form factors of the ions

n(b,ω) =
Z2αem

πω

∣∣∣∣∣
∫
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⊥
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(
Q2
)

Q2 J1 (bq⊥)

∣∣∣∣∣
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.

The EPA photons are quasi-real having Q2 < 1
R2

Pb
≈ 10−3 GeV2 and their maximal energy is of the

order of Lorentz factor of the ion over its radius ωmax ≈ γ

R . The fact that the photon fluxes scale
with Z2 leads to the coherent enhancement of the EM cross-section of the order of ∼ 107 what
makes the lead-lead (Pb+Pb) collisions more attractive from the perspective of EM processes than
the pp collisions.

Having all this in mind the Large Hadron Collider (LHC) can be treated as the photon-photon
collider providing the data from the UPC collisions to study the photon-photon interactions. In
these proceedings the ATLAS results of the measurement of the production of high-mass dimuon
pairs and of the search of photon-photon scattering extracted from the Pb+Pb data taken in 2015 at
the center-of-mass energy per nucleon pair of 5.02TeV will be presented. The total luminosity of
this data amounts to 0.5nb−1.
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2. Measurement of high-mass dimuon pairs

The first measurement reported here is the production of high-mass dimuon pairs in UPC
Pb+Pb collisions (γγ → µ+µ−) by ATLAS [5]. The data for this measurement were selected by
the trigger comprising the requirement of at least one loose muon at level 1, at least one 200MeV
track at HLT, the cut on total transverse energy in the calorimeter below 50GeV and the requirement
of no more than one hit in the inner arrays of the Minimum Bias Trigger Scintillators (MBTS’s).

The offline selection consisted of the requirement of two good quality opposite sign muons
with pµ

T > 4GeV and |ηµ | < 2.4 with the mass of the pair mµµ greater than 10GeV and with the
requirement of the vertex with no additional tracks.

Signal was modelled with MC generator STARlight 1.1 [6] which is incorporating the leading
order QED calculations. The total 12069 events were selected and corrected for the trigger effi-
ciency obtained using the data with two different methods: the tag and probe technique with the
cut on pair pT of 500MeV, used as an equivalent of the mass cut, or an alternative approach with
independent minimum bias triggers. They were also corrected for the muon reconstruction and
identification efficiency, derived from single muon MC, and for vertex efficiency.

After applying those corrections the small excess of data over MC was observed in the tail of
the acoplanarity distribution (Aco = (1−|∆φ |/π), see Figure 2). The two assumptions about its
origin were tested. The first was that the excess could be attributed to the background in which case
it was approximated by the power law fit and subtracted from the data. In the second approach,
it was treated as the signal, that may have potentially been caused by the higher-order effects not
included in the STARlight simulation, and kept. Mean of the two obtained in such a way results
was taken as the nominal value of the measurement and the difference as a systematic uncertainty.
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Figure 2: The acoplanarity distribution in data (black points) and Monte Carlo (yellow histogram) in differ-
ent bins of rapidity of dimuon pair Y [5].

The main contribution to the systematic uncertainty originates from the uncertainty related to
the measurement of the luminosity and amounts to 7%.
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Figure 3: Cross-section for exclusive dimuon production in UPC, as a function of pair mass (left) and pair
rapidity (right) [5].

The measured cross-section as functions of the dimuon mass Mµµ and rapidity Yµµ (see Figure
3), as well as the total cross-section σ = 32.2± 0.3(stat.)± 4.0(syst.)µb, are in good agreement
with the STARlight MC

(
σSTARlight = 31.6 µb

)
.

3. Search for light-by-light scattering

The second reported measurement is the search for the process γγ → γγ known as the light-
by-light scattering performed by ATLAS [7].

The motivation of this analysis is to measure for the first time in a direct way the photon on
photon scattering. The previous indirect measurements were exploring the multi-photon Breit-
Wheeler reaction (ω +nω0→ e+e−) [8] , photon splitting [9] and Delbrück scattering [10].

A dedicated trigger for this analysis comprises the requirement of the total ET in the calorime-
ter to be between 5 and 200GeV, of no more than one hit in the inner MBTS and of less than 10
hits in the pixel detector.

As the offline selection, the events with two photons with ET > 3GeV, |η | < 2.37 with no
additional tracks from the interaction point, with the mass of the photon system mγγ > 6GeV and its
transverse momentum pγγ

T < 2GeV were selected. The additional cut on acoplanarity Aco < 0.01
was applied to minimise the background from the Central Exclusive Production (CEP) of two
photons (gg→ γγ).

The second significant source of background is constituted by the events with fake photons
mainly originating from the dielectron pair production (γγ → e+e−) with electrons misidentified
as photons.

The analysis of γγ → γγ process is exploring the kinematic region of very low transverse en-
ergy photons and as such requires special Photon IDentification (PID) as well as additional studies
of photon reconstruction and its efficiency.

The PID was performed with use of three shower shape variables Eratio - the ratio of the en-
ergy difference associated with the largest and second largest energy deposits to the sum of these
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deposits in the first layer of EM calorimeter, f1 - the fraction of energy reconstructed in the first
layer with respect to the total energy of the cluster and Weta2 - the lateral width of the shower in the
middle layer and optimised for low pT photons with TMVA tool [11].

The PID, reconstruction, energy scale and resolution, as well as the trigger efficiency studies,
were performed in data-driven way exploring the dilepton sample. For the reconstruction efficiency
the γγ → e+e− events with one of the electrons emitting hard bremsstrahlung photon were used,
in a similar fashion the PID was studied with the photons from final state radiation and the energy
scale and resolution was tested with the electron energy deposits in the EM parts of the calorimeter.
The uncertainties arising from the γ reconstruction and PID are the dominating ones constituting
12% and 16% respectively.

The total of 13 events was selected in data with expected 7.3 of signal and 2.6 of background
events. These data were used to derive the estimate of the significance of the observation of the
light-by-light scattering at 4.4σ with the profile likelihood method [12]. The predicted and mea-
sured log likelihood curve can be seen in Figure 4 on the left. The same events after applying
the corrections and the subtraction of the background were used to calculate the cross-section in
the phase space defined by the set of cuts on pγ

T > 3GeV, |ηγ |< 2.4, mγγ > 6GeV, pγγ

T < 2GeV,
Aco < 0.01. The measured cross-section σ = 70±24(stat.)±17(syst.)nb is in agreement within
uncertainties with the Standard Model predictions 45±9nb [13] and 49±10nb [14].
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Figure 4: Left: Scan of the profile likelihood test statistic as a function of the signal strength µγγ→γγ . The
observed statistical significance for the background only hypothesis is 4.4σ , the expected one is 3.8σ [7].
Right: Diphoton transverse momentum distribution. Points represent data while histograms are MC sam-
ples [7].

4. Conclusions

The ATLAS data from the ultra-peripheral collisions of the lead nuclei at 5.02TeV collected
in 2015 with the total luminosity of 0.5nb−1 were used to investigate the γγ → µµ and γγ → γγ

processes. The cross-sections for both of them were extracted and found to be in good agreement
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with the Standard Model predictions. The light-by-light scattering was observed for the first time
with the significance of 4.4σ .
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