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Abstract

Two analyses involving photon interactions in ultra-peripheral lead-lead col-
lisions in the ATLAS detector at the LHC are described, namely the study
of dijet production in photo-nuclear ultra-peripheral collisions and a measure-
ment of light-by-light scattering. The first, is an important way to probe and
constrain nuclear parton distribution functions, which are known to exhibit
suppression at low Bjorken-z with respect to proton PDFs, as well as enhance-
ment at higher Bjorken-z. Light-by-light scattering is forbidden in classical
electrodynamics as it violates the super-position principle and is a fundamental
prediction of quantum mechanics. The first direct evidence for this interaction
with two quasi-real initial state photons is presented.
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1 Introduction

Ultra-peripheral collisions (UPC) of heavy ions occur when the impact parameter is greater than twice
the nuclear radius. In these events the strong interaction plays a limited role [1] and as such they provide
an ideal environment for photon interaction studies. Additionally the high nuclear charge compared to
proton-proton collisions gives an enhanced photon flux (by a factor of the nuclear charge, Z, squared),
which compensates for the smaller integrated luminosity typical for such datasets.

A distinctive signature of such UPC events (which is employed in both analyses described) is
that the ion emitting an initial state photon does not generally break-up, leaving a rapidity gap in the
detector in the flight direction of the ion. Two ATLAS forward sub-detectors are particularly suited to
identifying this characteristic signature, the Zero Degree Calorimeters (ZDC) and Minimum Bias Trigger
Scintillators (MBTS). The ZDC are located £140m either side of the nominal interaction point [2],
covering an absolute pseudorapidity range |n| > 8.3. Figure | shows an event display of an event which
was obtained using a trigger that required one or more neutrons in the ZDC on one side and none on the
other side [3]. The rapidity gap can be seen in the left half of the detector and note that the ZDC itself
is not pictured. This trigger was used in the dijet production measurements described in Section 2. The
octagonal sub-detectors shaded yellow are the MBTS. These are positioned between the Inner Detector
and end-cap calorimeters with a coverage in absolute pseudorapidity between 2.07 and 3.86. The light-
by-light scattering analysis (described in Section 3) employs a trigger which rejects events if more than
one hit was found in the inner ring of the MBTS.

2 Photo-nuclear dijet production in ultra-peripheral Pb+Pb collisions

This section summarises the analysis described in Ref. [4], namely the study of several event-level ob-
servables in events with two or more jets produced via photo-nuclear interactions in UPC lead-lead
(Pb+PDb) collisions in the ATLAS detector. The data was taken in 2015 at a centre of mass energy per
nucleon pair of 5.02 TeV.
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Run: 286717

Event: 43643466
2015-11-26 09:53:40 CEST
Pb+Pb, Vsyy = 5.02 TeV

Fig. 1: Display of an event with large rapidity gap taken with the ZDC_XOR trigger, firing on more than one
spectator neutrons on one side and no neutrons on the other side. The rapidity gap is on the side with no neutrons
in the ZDC. The MBTS sub-detectors are also shown, shaded in yellow [3].

2.1 Motivation

The motivation for such measurements is to probe the nuclear parton distribution functions (PDFs),
which are known to differ from proton PDFs [5]. At parton momentum fraction values below z ~ 0.03
the nuclear cross-section is suppressed (known as ‘shadowing’), whilst at higher values of x between
about 0.03 and 0.3 an enhancement (or ‘anti-shadowing’) is observed. Knowledge of the nuclear PDFs
at low-z is however limited by the lack of experimental data [4] - an issue that this analysis addresses.

In addition to the factor of Z? enhancement with respect to the same process in proton-proton
collisions, the cross-section is further increased by a Lorentz boost factor giving a total enhancement of
1.5 x 10° extending to initial state photon energies of 50 GeV [4].

2.2 Observables and measurements

The process of interest in this measurement can be separated into two scenarios. The first is known as
direct photo-production and is shown in the left panel of Figure 2 [4]. In this case the nucleus emitting
the initial state photon remains intact forming a clear rapidity gap in the flight direction of the nucleon.
The other nucleus breaks up and no rapidity gap is seen. The other scenario is known as resolved photo-
production, shown in the right panel of Figure 2. In this case the initial state photon serves as a source of
partons which go on to participate in the hard interaction. The rapidity gap is then partially filled.

Events of interest are selected for study using a set of three triggers. Each of these require zero
neutrons to be detected in one of the ZDCs (defined to be the photon-going direction), and one or more
neutrons in the ZDC on the opposite side, as well as the sum of transverse energy measured in the
calorimeters to be between 5 and 200 GeV. Two of the triggers have additional requirements on the
transverse momentum, pr, and pseudorapidity of jets. The total luminosity sampled by these triggers is
380 ub~ L.

Background events are rejected by employing rapidity gap requirements on each side. Firstly
clusters and charged particle tracks are ordered in 1 and intervals between adjacent tracks or clusters
with separation An > 0.5 are recorded. The rapidity gap sum, ¥An, is required to be greater than 2 on
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Fig. 2: Diagrams representing different types of leading-order contributions to dijet production in high-energy
photo-nuclear collisions. The left diagram represents the direct contribution in which the photon itself participates
in the hard scattering. The right diagram represents the ‘resolved’ contribution in which virtual excitations of the
photon, into a state involving at least a qq pair and possibly multiple gluons, participates in the hard scattering in
the target nucleus [4].

the photon-going side, and less than 3 on the opposite side (in order to reduce contamination from y +
collisions and non-photo-nuclear UPC processes) [4]. Events are then required to have at least two jets
with pr > 20 GeV and |7| < 4.4. Jets are reconstructed using the anti-k; algorithm with R = 0.4 [6]
and with a heavy ion subtraction technique described in Ref. [7].

Three event-level variables are formed from the selected jets in an event and are defined in Equa-
tion 1, where ¢ runs over the measured jets in an event, F is the jet energy, p is the jet momentum, and
P, is the longitudinal component of that momentum.
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Two derived quantities can then be formed using mijes (the jet system mass) and yjers (the jet
system rapidity). These are defined in Equation 2, where xa corresponds to the ratio of the energy of the
struck parton in the nucleus to the (per nucleon) beam energy and z, is the equivalent quantity for the
photon (multiplied by the fraction of the photon’s energy carried by the resolved parton, in the resolved
photo-production scenario).

Vs Vs
A triple-differential cross section is defined in Equation 3, where AN is the number of events
measured in a particular bin of width AHt, Az and Az, in the variables Hr, A and z, respectively.
The integrated luminosity is labelled £ and e and e are the selection and trigger efficiencies. Note
that no correction is made for the detector response, which is indicated by the tilde on the cross-section
o. This cross-section is presented in various 2D and 1D slices.
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2.3 Results and comparison to theory

PYTHIA version 6.41 [8] is used to simulate the photo-nuclear events using the equivalent photon flux
from a muon beam as the source of photons. This provides the correct mixture of direct and resolved
processes, however the photon energy spectrum in this Pythia version is not appropriate for nuclear col-
lisions. The predicted spectrum is therefore reweighted to that from STARLIGHT [9], a MC model and
event generator that has been used to simulate two-photon and photon-pomeron scattering in heavy ion
collisions. STARLIGHT has been tested using data from both RHIC and LHC including the ATLAS
measurement of v+~ — p* 7~ in 5.02 TeV Pb+Pb collisions [10]. STARLIGHT was found in that par-
ticular measurement to reproduce the shape and normalisation of the di-muon spectrum well, indicating
the photon flux is under control.

The necessity of reweighting the energy spectrum is demonstrated in Figure 3. Here the distri-
butions of z, and the rapidity gap on the photon-going side, >, A7, are shown for data (black points),
the nominal PYTHIA model (blue points), and for PYTHIA reweighted to STARLIGHT (red points). The
reweighted model is in much better agreement with data than the nominal model.
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Fig. 3: Comparison of data (black points) and PYTHIA MC before (blue points) and after (red points) reweighting
to STARLIGHT. The left figure shows the z, distribution, and the right figure shows the ¥, An distribution. The
bottom panels shows the ratio of data to the reweighted model. The error bars represent the statistical uncertainties
only. [4].

Two examples of the final cross-section distributions are shown in Figure 4. The left plot shows the
double differential cross-section d2& /dHrdz, as a function of z,, for different intervals of Hr. The right
plot shows d26 / dzydx as a function of w for different intervals of z,. Data is shown in comparison to
PyTHIA MC reweighted to STARLIGHT. The statistical uncertainty on the data is shown as error bars
and the systematic uncertainty is shown as shaded bands. Not shown is the uncertainty on the cross-
section normalisation (6.2%) which comes mostly from the integrated luminosity uncertainty (6.1%).
The largest systematic uncertainties are due to the event selection efficiency, specifically the requirements
on X An which are between 10-25% depending on z, and the jet energy scale and resolution, which
can be up to 40% depending on the Hr, xs and z,. Generally the model is in good agreement with
data, except at the lowest values of z, and xa, where the cross-sections are particularly sensitive to the
kinematic selections.
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Fig. 4: The left plot shows the double differential cross-section d?6 /dHrdz., as a function of z., for different
intervals of Hr. The right plot shows d?5 /dz,dxa as a function of x4 for different intervals of z, [4].

3 Evidence for light-by-light scattering in heavy-ion collisions with the ATLAS detector
at the LHC

This section summarises the analysis described in Ref. [1], which provides evidence for the process
vy — 7 or ‘light-by-light scattering’ in UPC Pb+Pb collisions in the ATLAS detector. This analysis
uses the same 2015 dataset as the dijet analysis.

3.1 Introduction

The light-by-light scattering process is a purely quantum mechanical effect forbidden in classical electro-
dynamics as it violates the superposition principle [1]. In QED the reaction proceeds at lowest order via
box diagrams involving fermions, which is an O (aﬁM) process. Feynman diagrams for light-by-light
scattering as well as two related processes with higher photon virtuality (Delbriick scattering of a photon
in the Coulomb field of a nucleus, and photon-splitting via interaction with external fields) are shown
in Figure 5. Delbriick scattering and photon-splitting have previously both been directly observed but
evidence for low virtuality (or ‘quasi-real’) light-by-light scattering exists only indirectly from measure-
ments of the anomalous magnetic moments of the electron and muon.

The signature for such a process in ATLAS is two low-energy photons and no further activity in
the central detector. Typically this measurement could not be performed with proton-proton collisions
where the average number of interactions per bunch crossing (pileup) is higher. A further advantage of
using the Pb+Pb dataset is that the cross-section is enhanced by the high nuclear charge (as for the dijet
measurement) [11]. This more than compensates the fact that the integrated luminosity is much smaller
than the proton-proton datasets.

The signal light-by-light Monte Carlo (MC) samples are generated using calculations from Ref. [12].
The calculations are convolved with the Pb+Pb equivalent photon approximation spectrum from STARLIGH1
The resulting predictions are cross-checked with those from Ref. [11] and found to be in good agreement.
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Fig. 5: Diagrams illustrating the QED light-by-light interaction processes: Delbriick scattering (left), photon
splitting (middle) and elastic light-by-light scattering (right) [1].

The theoretical uncertainties on the model are mainly due to limited knowledge of the electromagnetic
form factors and the initial photon fluxes (conservatively estimated to be 20%) and of higher order cor-
rections (a few percent).

3.2 Photon identification and event selection

The final state photons in the process of interest typically have a transverse energy, Ft, between 3 and
20 GeV, which is lower than in most other ATLAS analyses. Therefore a dedicated photon identification
technique is used and detailed studies of the photon reconstruction and identification efficiencies are
performed.

Photons are reconstructed from electromagnetic clusters in the calorimeter and with tracking in-
formation from the Inner Detector in order to identify photon conversions. The reconstruction efficiency
is measured using vy — eTe~ events which have emitted a hard bremsstrahlung photon. The data and
model are found to have similar efficiencies as a function of the photon Et and an uncertainty of between
5% and 10% is applied to cover any residual differences.

Photons are identified using three shower shape variables (a sub-set of the variables used for stan-
dard ATLAS photon identification). The identification is optimised using a multi-variate technique in
order to maintain a constant efficiency of 95% as a function of 7. The identification efficiency is mea-
sured using vy — £*£~ events with a final state radiation photon. The efficiencies of the data and of the
model are found to agree within the statistical precision and an uncertainty of up to 10% is applied.

The trigger used to select candidate events requires the sum of transverse energy measured in the
calorimeters to be between 5 and 200 GeV, there to be 1 hit or less in the MBTS inner ring, and 10 hits or
less in the pixel detector. A total luminosity of 480 ub~! is sampled by this trigger, which has a relative
uncertainty of 6%. Events are then required to have two photons with an Ep > 3 GeV and || < 2.37
excluding the calorimeter transition region 1.37 < |n| < 1.52. The two-photon system is also required
to have an invariant mass, m.~ above 6 GeV and a transverse momentum less than 2 GeV to reduce
backgrounds. Events are vetoed if a charged track is reconstructed in the pixel detector to reduce the
background from vy — e*e™ events and finally it is demanded that the photons are back to back, i.e.
the acoplanarity Aco = 1 — A¢/m < 0.01, to reduce the central exclusive production (CEP) gg — ~y
background. 13 data events pass all of the cut criteria. Figure 6 shows the distributions of diphoton
invariant mass and absolute rapidity for data and the model. Good agreement is seen between the two.
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Fig. 6: Kinematic distributions for vy — 7 event candidates: the diphoton invariant mass (left), the diphoton
absolute rapidity (right). Data (points) are compared to MC expectations (histograms) [1].

3.3 Backgrounds

The dominant background comes from the process vy — eTe™, due to its high rate as well as the fact
that it has a peak at low acoplanarity like the signal. This is estimated with MC and then verified in
control regions which require exactly one, or exactly two tracks to be identified. The process contributes
1.3 events in the signal region and is assigned an uncertainty of 25% based on the limited data statistics
in the control regions. The other important background is CEP gg — -y, which is again estimated
with MC. This has a large theoretical uncertainty so a data-driven normalisation is performed in the
acoplanarity distribution. The estimated contribution of this background in the signal region is 0.9 0.5
events. Smaller and negligible backgrounds also considered are vy — ¢g — multiple 7° mesons,
exclusive neutral two-meson production and fake events, for example cosmic-ray muons.

3.4 Results

Figure 7 shows the final v acoplanarity distribution (without the Aco cut) [1]. In the region Aco < 0.01
13 data events are observed where 7.3 signal events and 2.6 background events were expected. This gives
a significance of 4.40 over the background-only hypothesis.

The data is then corrected for selection inefficiencies and the impact of the photon energy and
angular resolution to obtain a fiducial cross section of 70 4 24 (stat.) = 17 (syst.) nb. The dominant
contributions to the total systematic uncertainty come from the photon reconstruction and identification
efficiency determination, as well as the photon energy resolution estimate.

4 Summary

Ultra-peripheral lead-lead collisions are an ideal environment to study photo-nucleon and photon-photon
collisions due to the high photon flux and little additional activity originating from the ion emitting the
photon. Two results using events from UPC lead-lead collisions have been presented: dijet production in
photo-nuclear interactions, and evidence for light-by-light scattering.
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Fig. 7: The diphoton acoplanarity before applying Aco<0.01 requirement. Data (points) are compared to MC
predictions (histograms). The statistical uncertainties on the data are shown as vertical bars. [1].
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