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Abstract

The algorithms used by the ATLAS Collaboration to recorcdtaund identify prompt photons
are described. Measurements of the photon identificatiiniencies are reported, us-
ing 4.9 fo't of pp collision data collected at the LHC a{/s = 7 TeV and 20.3 fb*

at /s = 8 TeV. The diciencies are measured separately for converted and unmedve
photons, in four dferent pseudorapidity regions, for transverse momentadsti0 GeV
and 1.5 TeV. The results from the combination of three daiteed techniques are compared
to the predictions from a simulation of the detector resppafier correcting the electromag-
netic shower momenta in the simulation for the averadiedinces observed with respect
to data. Data-to-simulationfiéciency ratios used as correction factors in physics measure
ments are determined to account for the small residfli@iency diferences. These factors
are measured with uncertainties between 0.5% and 10% in da&Yand between 0.5%
and 3% in 8 TeV data, depending on the photon transverse ntamemd pseudorapidity.

arXiv:1606.01813v1 [hep-ex] 6 Jun 2016

© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as sfied in the CC-BY-4.0 license.


http://arxiv.org/abs/1606.01813v1

Contents

1 Introduction 2
2 ATLAS detector 4
3 Photon reconstruction and identification 6
3.1 Photon reconstruction 6
3.2 Photon identification 10
3.3 Photon isolation 11
4 Data and Monte Carlo samples 12
5 Techniques to measure the photon identificationfliciency 13
5.1 Photons fronZ boson radiative decays 15
5.2 Electron extrapolation 17
5.3 Matrix method 20
6 Photon identification dficiency results at v's = 8 TeV 22
6.1 Hficiencies measured in data 22
6.2 Comparison with the simulation 23
7 Photon identification eficiency at ys = 7 TeV 29
8 Dependence of the photon identificationficiency on pile-up 30
9 Conclusion 32
Appendix 36
A Definition of the photon identification discriminating var iables 36

1. Introduction

Several physics processes occurring in proton—protonsiois at the Large Hadron Collider (LHC)
produce final states withrompt photonsi.e. photons not originating from hadron decays. The main
contributions come from non-resonant production of phetorassociation with jets or of photon pairs,
with cross sections respectively of the order of tens of banws or picobarnslf6]. The study of such
final states, and the measurement of their production ceatioas, are of great interest as they probe the
perturbative regime of QCD and can provide useful inforovatibout the parton distribution functions
of the proton ¥]. Prompt photons are also produced in rarer processesri&eg to the LHC physics
programme, such as diphoton decays of the Higgs boson @ismbwith a mass near 125 GeV, produced
with a cross section times branching ratio of about 20 fby/at= 8 TeV [8]. Finally, some expected
signatures of physics beyond the Standard Model (SM) areactaised by the presence of prompt
photons in the final state. These include resonant photes fram graviton decays in models with extra
spatial dimensions9], pairs of photons accompanied by large missing transvaia®@entum produced



in the decays of pairs of supersymmetric particled pnd events with highly energetic photons and jets
from decays of excited quarks or other exotic scenafidp [

The identification of prompt photons in hadronic collisiassparticularly challenging since an over-

whelming majority of reconstructed photons is dubagkground photonsThese are usually real photons

originating from hadron decays in processes with largessections than prompt-photon production.
An additional smaller component of background photon ddatdis is due to hadrons depositing in the
detector an amount of energy consistent with that of a reatigoh

Prompt photons are separated from background photons iATthAS experiment by means of selec-
tions on quantities describing the shape and propertidsecdi$sociated electromagnetic showers and by
requiring them to be isolated from other particles in thenévAn estimate of thefciency of the photon
identification criteria can be obtained from Monte Carlo (M&imulation. Such an estimate, however,
is subject to largeQ)(10%), systematic uncertainties. These uncertaintieg drom limited knowledge
of the detector material, from an imperfect descriptionhaf $hower development and from the detector
response]]. Ultimately, for high-precision measurements and fornaate comparisons with the predic-
tions from the SM or from theories beyond the SM, a deternunatf the photon identificationféciency
with an uncertainty 0€(1%) or smaller is needed in a large energy range from 10 Gaéveral TeV.
This can only be achieved through the use of data control Esmpiowever, this can present several
difficulties since there is no single physics process that pesdagure sample of prompt photons in a
large transverse momentura() range.

In this document, the reconstruction and identificationtaitpns by the ATLAS detector are described, as
well as the measurements of the identificatifliceency. Both photons that do (callednverted photons
in the following) or do not convert (callednconverted photon the following) to electron-positron
pairs in the detector material upstream of the ATLAS elentignetic calorimeter are considered. The
measurements use the full Rurpp collision dataset recorded at centre-of-mass energiesnfi B TeV.
The details of the selections and the results are given édéta collected in 2012 afs = 8 TeV. The
same algorithms are applied with minoffdrences to the/s = 7 TeV data collected in 2011.

To overcome the diculties arising from the absence of a single, pure contmoipsa of prompt photons
over a largeEt range, three diierent data-driven techniques are used. A first method sedwitons
from radiative decays of thé boson Radiative Zmethod). A second one extrapolates photon properties
from electrons and positrons frotboson decays by exploiting the similarity of the photon aledteon
interactions with the ATLAS electromagnetic calorimet&tectron Extrapolatiormethod). A third ap-
proach exploits a technique to determine the fraction oktpammind present in a sample of isolated photon
candidatesNlatrix Method. Each of these techniques can measure the photon idetiific#ficiency in
complementary but overlappirigr regions with varying precision.

This document is organised as follows. After an overviewhef ATLAS detector in Sec®, the photon
reconstruction and identification algorithms used in ATL&® detailed in Sec8. Section4 summar-
ises the data and simulation samples used and describesrtbetions applied to the simulated photon
shower shapes in order to improve agreement with the dat8ed¢h5 the three data-driven approaches
to the measurement of the photon identificatidiiceency are described, listing their respective sources
of uncertainty and the precision reached in the releantanges. The results obtained with tRes = 8
TeV data collected in 2012, their consistency in the ovguilag E+ intervals and the comparison to the
MC predictions are presented in Segt.Results obtained for the identification criteria used miyithe
2011 data-taking period ay's = 7 TeV are described in Sedt. Finally, Sect8 discusses the impact of
multiple inelastic interactions in the same beam crossimthe photon identificationficiency.



2. ATLAS detector

The ATLAS experiment12] is a multi-purpose particle detector with approximatesyward-backward
symmetric cylindrical geometry and nearly doverage in solid angfe.

The inner tracking detector (ID), surrounded by a thin sapeducting solenoid providing a 2 T axial
magnetic field, provides precise reconstruction of trackbima pseudorapidity range| < 2.5. The
innermost part of the ID consists of a silicon pixel dete¢&d.5 mm< r < 150 mm) providing typic-
ally three measurement points for charged particles atgig in the beam-interaction region. The layer
closest to the beam pipe (referred to as bHayer in this paper) contributes significantly to predisio
vertexing and provides discrimination between promptksaand photon conversions. A semiconductor
tracker (SCT) consisting of modules with two layers of silicmicrostrip sensors surrounds the pixel
detector, providing typically eight hits per track at imexdiate radii (275 mrm r < 560 mm). The out-
ermost region of the ID (563 mrar < 1066 mm) is covered by a transition radiation tracker (TR}-c
sisting of straw drift tubes filled with a xenon gas mixturggrleaved with polypropylemgolyethylene
transition radiators. For charged particles with transsemomentunpr > 0.5 GeV within its pseu-
dorapidity coveragd#f| < 2), the TRT provides typically 35 hits per track. The distioe between trans-
ition radiation (low-energy photons emitted by electrarsérsing the radiators) and tracking signals is
obtained on a straw-by-straw basis using separate low gyidthiesholds in the front-end electronics.
The inner detector allows an accurate reconstruction ansverse momentum measurement of tracks
from the primary proton—proton collision region. It als@idifies tracks from secondary vertices, per-
mitting the dficient reconstruction of photon conversions up to a radi&thdice of about 80 cm from the
beamline.

The solenoid is surrounded by a high-granularity feadid-argon (LAr) sampling electromagnetic (EM)
calorimeter with an accordion geometry. The EM calorimeteasures the energy and the position of
electromagnetic showers withl < 3.2. It is divided into a barrel section, covering the pseupility
region|y| < 1.475, and two end-cap sections, covering the pseudorapitiipns 1375 < || < 3.2. The
transition region between the barrel and the end-caf3g,d || < 1.52, has a large amount of material
upstream of the first active calorimeter layer. The EM cateter is composed, fag| < 2.5, of three
sampling layers, longitudinal in shower depth. The firseldyas a thickness of about 4.4 radiation lengths
(Xo). In the range$| < 1.4 and 15 < || < 2.4, the first layer is segmented into high-granularity stips
then direction, with a typical cell size 0f.003x 0.0982 inAn x A¢ in the barrel. For 4 < |n| < 1.5 and

2.4 < |n| < 2.5 thenp-segmentation of the first layer is coarser, and the cellisixgxA¢ = 0.025x0.0982.
The finen granularity of the strips is $ficient to provide, for transverse momenta ugXd00 GeV), an
event-by-event discrimination between single photon &mswand two overlapping showers coming from
the decays of neutral hadrons, mosty and » mesons, in jets in the fiducial pseudorapidity region
ln| < 1.37 or 152 < |y| < 2.37. The second layer has a thickness of abouKdand a granularity of
0.025x 0.0245 inAn x A¢. It collects most of the energy deposited in the calorimbiephoton and
electron showers. The third layer has a granularity .66& 0.0245 inAn x A¢ and a depth of about

2 Xo. Itis used to correct for leakage beyond the EM calorimetdrigh-energy showers. In front of the
accordion calorimeter, a thin presampler layer, coverrgpseudorapidity intervéd| < 1.8, is used to

L ATLAS uses a right-handed coordinate system with its oragithe nominal interaction point (IP) in the centre of theedér
and thez-axis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, and jhaxis points
upward. Cylindrical coordinates, ) are used in the transverse plageyeing the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar arfglesn = —Intan@/2). The photon transverse momentum is
Er = E/ coshg), whereE is its energy.



correct for energy loss upstream of the calorimeter. Thegmpler consists of an active LAr layer with
a thickness of 1.1 cm (0.5 cm) in the barrel (end-cap) and Igaaraularity ofAn x A¢ = 0.025x 0.0982.
The material upstream of the presampler has a thicknessonft &X, for || < 0.6. In the region
0.6 < |n| < 0.8 this thickness increases linearly fromX3 to 3 Xo. For Q8 < || < 1.8 the material
thickness is about or slightly larger thanX3, with the exception of the transition region between the
barrel and the end-caps and the region ngae 1.7, where it reaches 5-%y. A sketch of a barrel
module of the electromagnetic calorimeter is shown in Eig.

The hadronic calorimeter surrounds the EM calorimetermisists of an iron—scintillator tile calorimeter
in the central region§| < 1.7), and LAr sampling calorimeters with copper and tungstesoebers in the
end-cap (5 < || < 3.2) and forward (3L < || < 4.9) regions.

The muon spectrometer surrounds the calorimeters. It sisnef three large superconducting air-core
toroid magnets, each with eight coils, a system of precisianking chambersjsf < 2.7), and fast
tracking chamberdif < 2.4) for triggering.

A three-level trigger system selects events to be recordeditine analysis. To reduce the data acquis-
ition rate of low-threshold triggers, used for collectingrious control samples, prescale factds ¢an

be applied to each trigger, such that only Nrevents passing the trigger causes an event to be accepted
at that trigger level.

Cells in Layer 3
AdxAn = 0.0245x0.05

Trigger Towey
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Triggey
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855 008,

—

Strip cellsin Layer 1
~=—Cells in PS
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Figure 1: Sketch of a barrel module of the ATLAS electromadignzalorimeter. The dferent longitudinal layers

(one presampler, PS, and three layers in the accordionimadtar) are depicted. The granularitysjrand¢ of the
cells of each layer is also shown.



3. Photon reconstruction and identification

3.1. Photon reconstruction

The electromagnetic shower, originating from an energ#tmon’s interaction with the EM calorimeter,
deposits a significant amount of energy in a small number ighteuring calorimeter cells. As photons
and electrons have very similar signatures in the EM caletém their reconstruction proceeds in parallel.
The electron reconstruction, including a dedicated, elusteded track-finding algorithm to increase
the dficiency for the reconstruction of low-momentum electrorchks is described in Refl1p]. The
reconstruction of unconverted and converted photons pasci the following way:

e seed clusters of EM calorimeter cells are searched for;
e tracks reconstructed in the inner detector are looselymedtto seed clusters;

e tracks consistent with originating from a photon conversime used to create conversion vertex
candidates;

e conversion vertex candidates are matched to seed clusters;

¢ a final algorithm decides whether a seed cluster correspgoratsunconverted photon, a converted
photon or a single electron based on the matching to covevgrtices or tracks and on the cluster
and track(s) four-momenta.

In the following the various steps of the reconstructioroatyms are described in more detail.

The reconstruction of photon candidates in the reg¢jjpr 2.5 begins with the creation of a preliminary
set of seed clusters of EM calorimeter cells. Seed clustaig@An x A¢ = 0.075x 0.123 with transverse
momentum above 2.5 GeV are formed by a sliding-window allgori[14]. After an energy comparison,
duplicate clusters of lower energy are removed from neadsy <lusters. From MC simulations, the
efficiency of the initial cluster reconstruction is estimatedé greater than 99% for photons wigh >

20 GeV.

Once seed clusters are reconstructed, a search is perfdomeuher detector trackslp, 16] that are
loosely matched to the clusters, in order to identify andmstruct electrons and photon conversions.
Tracks are loosely matched to a cluster if the angular distdretween the cluster barycentre and the
extrapolated track’s intersection point with the second@ang layer of the calorimeter is smaller than
0.05 (0.2) alongp in the direction of (opposite to) the bending of the trackghia magnetic field of
the ATLAS solenoid, and smaller than 0.05 alopfpr tracks with hits in the silicon detectorse. the
pixel and SCT detectors. Tracks with hits in the silicon detes are extrapolated from the point of
closest approach to the primary vertex, while tracks withts in the silicon detectors are extrapolated
from the last measured point. The track is extrapolated ¢optbsition corresponding to the expected
maximum energy deposit for EM showers. Tidi@ently select low-momentum tracks that may have
sufered significant bremsstrahlung losses before reachingatibeimeter, a similar matching procedure
is applied after rescaling the track momentum to the medstitester energy. The previous matching
requirements are applied except that ¢hdifference in the direction of bending should be smaller than
0.1. Tracks that are loosely matched to a cluster and withihithe silicon detectors are refitted with
a Gaussian-sum-filter techniguk?[ 18], to improve the track parameter resolution, and are retafor
the reconstruction of electrons and converted photons.



“Double-track” conversion vertex candidates are recoicsdd from pairs of oppositely charged tracks
in the ID that are likely to be electrons. For each track tkelilhood to be an electron, based on high-
threshold hits and time-over-threshold of low-threshakd m the TRT, is required to be at least 10%
(80%) for tracks with (without) hits in the silicon detector Since the tracks of a photon conversion
are parallel at the place of conversion, geometric requerégmare used to select the track pairs. Track
pairs are classified into three categories, whether botkgréSi—Si), none (TRT-TRT) or only one of
them (Si—-TRT) have hits in the silicon detectors. Track pdilfilling the following requirements are
retained:

e A cotd between the two tracks (taken at the tracks’ points of ctaggsroach to the primary vertex)
is less than 0.3 for Si—Si track pairs and 0.5 for track paitk at least one track without hits in the
silicon detectors. This requirement is not applied for TRRF track pairs with both tracks within
Inl < 0.6.

e The distance of closest approach between the two tracksdghan 10 mm for Si—Si track pairs
and 50 mm for track pairs with at least one track without hitthe silicon detectors.

e The diference between the sum of the radii of the helices that canrsracted from the electron
and positron tracks and the distance between the centras tfit helices is betweerb and 5 mm,
between-50 and 10 mm, or betweer25 and 10 mm, for Si—Si, TRT-TRT and Si—TRT track pairs,
respectively.

e A¢ between the two tracks (taken at the estimated vertex podigfore the conversion vertex fit)
is less than 0.05 for Si—Si track pairs and 0.2 for tracksspaith at least one track without hits in
the silicon detectors.

A constrained conversion vertex fit with three degrees addicen is performed using the five measured
helix parameters of each of the two participating trackhie constraint that the tracks are parallel at
the vertex. Only the vertices satisfying the following regments are retained:

e They? of the conversion vertex fit is less than 50. This loose reguént suppresses fake candid-
ates from random combination of tracks while being higHficeent for true photon conversions.

e The radius of the conversion vertex, defined as the distaooe the vertex to the beamline in the
transverse plane, is greater than 20 mm, 70 mm or 250 mm facesrfrom Si-Si, Si-TRT and
TRT-TRT track pairs, respectively.

e The diference inp between the vertex position and the direction of the recoot&d conversion is
less than 0.2.

The dficiency to reconstruct photon conversions as double-tradiex candidates decreases significantly
for conversions taking place in the outermost layers of EneThis dfect is due to photon conversions in
which one of the two produced electron tracks is not recanstd either because it is very soft (asymmet-
ric conversions where one of the two tracks Ipas< 0.5 GeV), or because the two tracks are very close
to each other and cannot be adequately separated. Fordb@wdracks without hits in thelayer that
either have an electron likelihood greater than 95%, or naMeits in the TRT, are considered as “single-
track” conversion vertex candidates. In this case, sincenaearsion vertex fit cannot be performed, the
conversion vertex is defined to be the location of the firstsusament of the track. Tracks which pass
through a dead region of thelayer are not considered as single-track conversionssifey are missing

a hit in the second pixel layer.



As in the loose track matching, the matching of the convarsirtices to the clusters relies on an extra-
polation of the conversion candidates to the second sagialyrer of the calorimeter, and the comparison
of the extrapolateq and¢ coordinates to the and¢ coordinates of the cluster centre. The details of the
extrapolation depend on the type of the conversion vertagidate.

e For double-track conversion vertex candidates for whi@htthck transverse momentdfdr by
less than a factor of four from each other, each track is pataded to the second sampling layer
of the calorimeter and is required to be matched to the aluste

e For double-track conversion vertex candidates for whightthck transverse momentafdr by
more than a factor of four from each other, the photon dioecis reconstructed from the electron
and positron directions determined by the conversion xditieand used to perform a straight-line
extrapolation to the second sampling layer of the caloemets expected for aneutral particle.

e For single-track conversion vertex candidates, the traekirapolated from its last measurement.

Conversion vertex candidates built from tracks with hitshie silicon detectors are considered matched
to a cluster if the angular distance between the extrapbletaversion vertex candidate and the cluster
centre is smaller than 0.05 in bafrand¢. If the extrapolation is performed for single-track corsiens,

the window ing is increased to 0.1 in the direction of the bending. For sagkhout hits in the silicon
detectors, the matching requirements are tighter:

e The distance i between the extrapolated track(s) and the cluster is less@t02 (0.03) in the
direction of (opposite to) the bending. In the case wherectiteersion vertex candidate is extra-
polated as a neutral particle, the distance is required tedsethan 0.03 on both sides.

e The distance im between the extrapolated track(s) and the cluster is legsQI85 and 0.2 in the
barrel and end-cap sections of the TRT, respectively. Therier are significantly looser than in
the ¢ direction since the TRT does not provide a measurement gbtkedorapidity in its barrel
section. In the case that the conversion vertex candidaggtiapolated as a neutral particle, the
distance is required to be less than 0.35.

In the case of multiple conversion vertex candidates madtthehe same cluster, the final conversion
vertex candidate is chosen as follows:

e preference is given to double-track candidates over simgtk candidates;

e if both conversion vertex candidates are formed from theesaomber of tracks, preference is
given to the candidate with more tracks with hits in the sitidetectors;

o if the conversion vertex candidates are formed from the sammeber of tracks with hits in the
silicon detectors, preference is given to the vertex catdivith smaller radius.

The final arbitration between the unconverted photon, atestegohoton and electron hypotheses for the
reconstructed EM clusters is performed in the following W&§j:

¢ Clusters to which neither a conversion vertex candidateangitrack has been matched during the
electron reconstruction are considered unconverted phazndidates.

e Electromagnetic clusters matched to a conversion vertedidate are considered converted photon
candidates. For converted photon candidates that areedsastructed as electrons, the electron
track is evaluated against the track(s) originating fromdbnversion vertex candidate matched to
the same cluster:



1. If the track coincides with a track coming from the coni@msvertex, the converted photon
candidate is retained.

2. The only exception to the previous rule is the case of a lgetnck conversion vertex can-
didate where the coinciding track has a hit in thlayer, while the other track lacks one (for
this purpose, a missing hit in a disabledayer module is counted as a R)t

3. If the track does not coincide with any of the tracks assilgio the conversion vertex candid-
ate, the converted photon candidate is removed, unlessdtie is smaller than they of
the converted photon candidate.

e Single-track converted photon candidates are recoveoad dbjects that are only reconstructed as
electron candidates witht > 2 GeV andE/p < 10 (E being the cluster energy amithe track
momentum), if the track has no hits in the silicon detectors.

¢ Unconverted photon candidates are recovered from recatett electron candidates if the electron
candidate has a corresponding track without hits in theasilidetectors and withr < 2 GeV, or
if the electron candidate is not considered as single-tcacierted photon and its matched track
has a transverse momentum lower than 2 Ge¥ qu greater than 10. The corresponding electron
candidate is then removed from the event. Using this praeedround 85% of the unconverted
photons erroneously categorised as electrons are recbvere

From MC simulations, 96% of prompt photons wik > 25 GeV are expected to be reconstructed as
photon candidates, while the remaining 4% are incorreettpnstructed as electrons but not as photons.
The reconstructionficiencies of photons with transverse momenta of a few tensbf(@levant for the
search for Higgs boson decays to two photons) are checkedawdth a technique described in R&f.

The results point to inMéciencies and fake rates that exceed by up to a few percentdkepons from
MC simulation. The ficiency to reconstruct photon conversions decreases atEiigly 150 GeV),
where it becomes morefticult to separate the two tracks from the conversions. Suntegsions with
very close-by tracks are often not recovered as singlé-ttanversions because of the tighter selections,
including the transition radiation requirement, appliedingle-track conversion candidates. The overall
photon reconstructionfiéciency is thus reduced to about 90% f&f around 1 TeV.

The final photon energy measurement is performed usingnr&tion from the calorimeter, with a cluster
size that depends on the photon classificatidn.the barrel, a cluster of siz&n x A¢ = 0.075x 0.123

is used for unconverted photon candidates, while a clugtsize Q075 x 0.172 is used for converted
photon candidates to compensate for the opening betweecotiversion products in the direction
due to the magnetic field of the ATLAS solenoid. In the end;cgluster size of A25x 0.123 is
used for all candidates. The photon energy calibrationchviaiccounts for upstream energy loss and
both lateral and longitudinal leakage, is based on the saowegure that is used for electror)| 21]
but with different calibration factors for converted and unconverteat@hcandidates. In the following
the photon transverse momentiiy is computed from the photon cluster’s calibrated endfggnd the
pseudorapidityn, of the barycentre of the cluster in the second layer of the BMrometer asEr =
E/ cosh{y).

2 About 6.3% of theb-layer modules were disabled at the end of Run 1 due to ingiichodule failures like low-voltage or
high-voltage powering faults or data transmission faullsrring the shutdown following the end of Run 1, repairs restlic
theb-layer fault fraction to 1.4%

3 For converted photon candidates, the energy calibrationgalure uses the following as additional inputs: iy Er and
the momentum balance of the two conversion tracks if bottkrare reconstructed by the silicon detectors, and (ii) the
conversion radius for photon candidates with transversmembum above 3 GeV.



3.2. Photon identification

To distinguish prompt photons from background photonstghientification with high signalféciency
and high background rejection is required for transversmenta from 10 GeV to the TeV scale. Photon
identification in ATLAS is based on a set of cuts on severardisinating variables. Such variables, listed
in Table1 and described in Appendik, characterise the lateral and longitudinal shower devatoq in
the electromagnetic calorimeter and the shower leakagtidrain the hadronic calorimeter. Prompt
photons typically produce narrower energy deposits in thet@magnetic calorimeter and have smaller
leakage to the hadronic one compared to background phatomsjéts, due to the presence of additional
hadrons near the photon candidate in the latter case. Iti@gdbackground candidates from isolated
n° — yy decays — unlike prompt photons — are often characterisedidgéparate local energy maxima
in the finely segmented strips of the first layer, due to thellseparation between the two photons. The
distributions of the discriminating variables for both fh@mpt and background photons affeated by
additional softpp interactions that may accompany the hard-scatteringsamilj referred to as in-time
pile-up, as well as by out-of-time pile-up arising from bbas before or after the bunch where the event
of interest was triggered. Pile-up results in the preserideve Er activity in the detector, including
energy deposition in the electromagnetic calorimeter.sHiect tends to broaden the distributions of
the discriminating variables and thus to reduce the sdparaetween prompt and background photon
candidates.

Two reference selections,l@seone and dight one, are defined. THeoseselection is based only on
shower shapes in the second layer of the electromagnetidroater and on the energy deposited in the
hadronic calorimeter, and is used by the photon triggers.l@bse requirements are designed to provide
a high prompt-photon identificatiorffeciency with respect to reconstruction. Theffi@gency rises from
97% atE.yr = 20 GeV to above 99% de$ > 40 GeV for both the converted and unconverted photons,
and the corresponding background rejection factor is ab000 [L9]. The rejection factor is defined as
the ratio of the number of initial jets withy > 40 GeV in the acceptance of the calorimeter to the number
of reconstructed background photon candidates satistfi@gdentification criteria. Théght selection
adds information from the finely segmented strip layer ofdhkerimeter, which provides good rejection
of hadronic jets where a neutral meson carries most of thenjefgy. Theight criteria are separately op-
timised for unconverted and converted photons to providecagm identification fiiciency of about 85%
for photon candidates with transverse enefgy> 40 GeV and a corresponding background rejection
factor of about 500019].

The selection criteria arefiiérent in seven intervals of the reconstructed photon psepitity (0.0-06,
0.6-08, 0.8-115, 115-137, 152-181, 181-201, 201-237) to account for the calorimeter geometry
and for diferent éfects on the shower shapes from the material upstream of thencater, which is
highly non-uniform as a function d|.

The photon identification criteria were first optimised ptiothe start of the data-taking in 2010, on sim-
ulated samples of prompt photons fromjet, diphoton andH — yy events and samples of background
photons in QCD multi-jet eventsl]. Before the 2011 data-taking, theoseand thetight selections
were loosened, without further re-optimisation, in oraerdduce the systematifects associated to the
differences between the calorimetric variables measured feaenahd their description by the ATLAS
simulation. Prior to the 8 TeV run in 2012, the identificatmiteria were reoptimised based on improved
simulations in which the values of the shower shape varsaaie slightly shifted to improve the agree-
ment with the data shower shapes, as described in the néxirsddue to the higher pile-up in the 2012

10



Category Description Name | loose tight
Acceptance Inl < 2.37, with 137 < || < 1.52 excluded - v v
Hadronic leakage Ratio d&ry in the first sampling layer of the hadronicRhaq v v
calorimeter toEr of the EM cluster (used over the
rangeln| < 0.8 or|n| > 1.37)
Ratio of Et in the hadronic calorimeter tBt of the Rnag v v
EM cluster (used over the range3< |n| < 1.37)
EM Middle layer Ratio of 3x 77 x ¢ to 7 x 7 cell energies R, v v
Lateral width of the shower Wy, v v
Ratio of 3x3 n x ¢ to 3x7 cell energies Rs v
EM Strip layer Shower width calculated from three stripsumthe ws3 v
strip with maximum energy deposit
Total lateral shower width Wstot v
Energy outside the core of the three central strips batjge v
within seven strips divided by energy within the three
central strips
Difference between the energy associated with th& v
second maximum in the strip layer and the energy re-
constructed in the strip with the minimum value found
between the first and second maxima
Ratio of the energy dierence associated with theEaiio v
largest and second largest energy deposits to the sum
of these energies

Table 1: Discriminating variables used fooseandtight photon identification.

data compared to the 2011 data, the criteria were tuned borstness against pile-upfects by relax-
ing the requirements on the shower shapes more suscemtililartd tightening the selection on others.
The discriminating variables that are most sensitive te-pj are found to be the energy leakage in the
hadronic compartment and the shower width in the secondIsagrigyer of the EM calorimeter.

3.3. Photon isolation

The identification #iciencies presented in this article are measured for phadodidates passing an
isolation requirement, similar to those applied to reduadrbnic background in cross-section measure-
ments or searches for exotic processes with photbr; B, 9, 11, 22]. In the data taken at/s = 8 TeV,

the calorimeter isolation transverse enet‘dSP [23] is required to be lower than 4 GeV. This quantity
is computed from positive-energy three-dimensional togichl clusters reconstructed in a cone of size

AR = /(An)? + (A¢)? = 0.4 around the photon candidate.
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The contributions t(EiT'50 from the photon itself and from the underlying event and-pjpeare subtrac-
ted. The correction for the photon energy outside the alusteomputed as the product of the photon
transverse energy and a ¢oeient determined from separate simulations of convertetustonverted
photons. The underlying event and pile-up energy corredsocomputed on an event-by-event basis
using the method described in Refad[ and [25]. A kr jet-finding algorithm 6, 27] of size parameter

R = 0.5 is used to reconstruct all jets without any explicit traerse momentum threshold, starting from
the three-dimensional topological clusters reconsttuatehe calorimeter. Each jet is assigned an area
Ajet Via a Voronoi tessellation2g] of the n— space. According to this algorithm, every point within a
jet's assigned area is closer to the axis of that jet thand@#ts of any other jet. The ambient transverse
energy densityyg(r) from pile-up and the underlying event is taken to be the anedf the transverse
energy densitieq;)’ft/Ajet of jets with pseudorapidityy| < 1.5 or 15 < || < 3.0. The area of the photon
isolation cone is then multiplied kyye to compute the correction IEiTSO. The estimated ambient trans-
verse energy fluctuates significantly event-by-event,atifig the fluctuations in the underlying event and
pile-up activity in the data. The typical size of the coriectis 2 GeV in the central region and 1.5 GeV
in the forward region.

A slight dependence of the identificatioffieiency on the isolation requirement is observed, as digcuss
in Section6.2

4. Data and Monte Carlo samples

The data used in this study consist of the 7 TeV and 8 TeV praianion collisions recorded by the
ATLAS detector during 2011 and 2012 in LHC Run 1. They coroesprespectively to 4.9 f3 and
20.3 fb! of integrated luminosity after requiring good data qualitiie mean number of interactions per
bunch crossingy, was 9 and 21 on average in tRfs = 7 and 8 TeV datasets, respectively.

The Z boson radiative decay and the electron extrapolation ndsthee data collected with the lowest-
threshold lepton triggers with prescale factors equal ® amd thus exploit the full luminosity of Run

1. For the data collected in 2012 gfs = 8 TeV, the transverse momentum thresholds for single-fepto
triggers are 25 (24) GeV fof = e (1), while those for dilepton triggers are 12 (13) GeV. For tlagad
collected in 2011 at/s = 7 TeV, the transverse momentum thresholds for single4epiggers are 20
(18) GeV for¢ = e (1), while those for dilepton triggers are 12 (10) GeV. The imatrethod uses events
collected with single-photon triggers with loose identtion requirements and large prescale factors, and
thus exploits only a fraction of the total luminosity. Phagéaeconstructed near regions of the calorimeter
affected by read-out or high-voltage failur@9] are rejected.

Monte Carlo samples are processed through a full simulatiohe ATLAS detector respons8(] using
Geant4 [31]. Pile-up pp interactions in the same and nearby bunch crossings atelgttlin the simula-
tion. The MC samples are reweighted to reproduce the disimib of x and the length of the luminous
region observed in data (approximately 54 cm and 48 cm in ¢ha thken aty/s = 7 and 8 TeV, re-
spectively). Samples of prompt photons are generated WilHHPA8 [ 32, 33]. Such samples include the
leading-ordery + jet events frongg — qy andqq — gy hard scattering, as well as prompt photons from
quark fragmentation in QCD dijet events. About’ ¥¥ents are generated, covering the whole transverse
momentum spectrum under study. Samples of background mhitgets are produced by generating
with PYTHIAS all tree-level 252 QCD processes, removing+ jet events from quark fragmentation.
Between 12 x 10f and 5x 10° Z — ¢y (¢ = e u) events are generated with SHERR3¥][ or with
POWHEG B5, 36] interfaced to PHOTOS37] for the modelling of QED final-state radiation and to
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PYTHIAS for showering, hadronisation and modelling of thedarlying event. About 10Z(— ££)+jet
events are generated for bdtk eand¢ = u with each of the following three event generators: POWHEG
interfaced to PYTHIA8; ALPGEN3§] interfaced to HERWIG39] and JIMMY [4(] for showering, had-
ronisation and modelling of the underlying event; and SHER®sample of MCH — Zy events #1]

is also used to compute théfieiency in the simulation for photons with transverse momenbetween
10 and 15 GeV, since theé — ¢£y samples have a generator-level requirement on the minimuen t
photon transverse momentum of 10 GeV which biases the rzgotesd transverse momentum near the
threshold. A two-dimensional reweighting of the pseudilifpand transverse momentum spectra of the
photons is applied to match the distributions of those rettanted inZ — £¢y events. For the analysis
of /s =7 TeV data, all simulated samples (photget, QCD multi-jet,Z(— ¢¢)+jet andZ — ¢¢y) are
generated with PYTHIAG.

For the analysis of 8 TeV data, the events are simulated ammhs&ructed using the model of the AT-

LAS detector described in Ref2()], based on an improveid situ determination of the passive material

upstream of the electromagnetic calorimeter. This modeh&acterised by the presence of additional
material (up to 0.6 radiation lengths) in the end-cap and% SMaller uncertainty in the material budget
with respect to the previous model, which is used for theystfd TeV data.

The photon shower shape distributions in the ATLAS MC sirtiofado not perfectly match the ones
observed in data. While the shapes of the distributions eflikcriminating variables in the simulation
are rather similar to those found in the data, systemafferéinces in their average values are observed.
The diferences between the data and MC distributions are thus psedsed as simple shifts and applied
to the MC simulated values to match the distributions in d@teese shifts are calculated by minimising
the y? between the data and the shifted MC distributions of photondiclates satisfying thight iden-
tification criteria and the calorimeter isolation requiesmhdescribed in the previous section. The shifts
are computed in intervals of the reconstructed photon msapdlity and transverse momentum. The
pseudorapidity intervals are the same as those used to die&inghoton selection criteria. THer bin
boundaries are 0, 15, 20, 25, 30, 40, 50, 60, 80, 100 and 1000 T®e typical size of the correction
factors is 10% of the RMS of the distribution of the corresfiog variable in data. For the varialdRy,

for which the level of agreement between the data and thelsiion is worst, the size of the correc-
tion factors is 50% of the RMS of the distribution. The cop@3sding correction to the prompt-photon
efficiency predicted by the simulation varies with pseudotigpidetween—10% and-5% for photon
transverse momenta close to 10 GeV, and approaches zerarievérse momenta above 50 GeV.

Two examples of the simulated discriminating variableribistions before and after corrections, for con-
verted photon candidates originating frahoson radiative decays, are shown in Rigior comparison,
the distributions observed in data for candidates paski@g boson radiative decay selection illustrated
in Sect.5.1, are also shown. Better agreement between the shower sisaiflsutions in data and in the
simulation after applying such corrections is clearly blisi

5. Techniques to measure the photon identificationficiency

The photon identificationficiency,sp, is defined as the ratio of the number of isolated photonsgnmass
thetight identification selection to the total number of isolatedtphs. Three data-driven techniques are
developed in order to measure thifs@ency for reconstructed photons over a wide transverseentum
range.

13



N e R R RS N R R e R R a
S f ATLAS 1 S [ AlAs e
@ 10'e V5=8 TeV, [Ldt=20.3 fb* % 10°E (s=sTev, [Ldt=203 b NN 3
g 10 =8Tev. Jlamosit g T E BTV, fLa20, N E
= F Converted y 7 s r Converted y NN ]
g F 1 5 O N 1
Ll 108 ——Zlly data ] i} , - Z-lly data ng
E [Jz-ty corrected Mc 3 10°E{ ]z~ corrected MC MR =
F Z-» lly uncorrected MC *Z—~ lly uncorrected MC N ]
o _| = N e
10°¢ E - N ]
E 3 iy
E 3 i
r ] 10 E N 3
+ £ 3
10 NN E F ]
NN 3 r ]
1 T; e B E
\\\\\\\\ii\\§§§§§§§§§§§§§§§§§§§§§ I 3 E \ 3
A R A A i 3 F § 3
LRI NN Hi PP PRI [HPPRPOTE N N Y N AN NN Ll
0 01 02 0.3 04 05 0.6 07 08 09 1 0O 01 02 03 04 O 6 0.7 8 09 1
Fside Ws3
(a) (b)

Figure 2: Distributions of the calorimetric discriminaginariables (a}sige and (b)wss for converted photon can-
didates withEr > 20 GeV andp| < 2.37 (excluding 137 < || < 1.52) selected fror@ — ¢£y events obtained from
the 2012 data sample (dots). The distributions for true gfrom simulate@ — ¢y events (blue hatched and
red hollow histograms) are also shown, after reweightigy thvo-dimensionaEr vs;; distributions to match that

of the data candidates. The blue hatched histogram comdsyo the uncorrected simulation and the red hollow
one to the simulation corrected by the average shift betwlagaand simulation distributions determined from the
inclusive sample of isolated photon candidates passintigheselection per bin ofrf, E1) and for converted and
unconverted photons separately. The photon candidateshmisolated but no shower-shape criteria are applied.
The photon purity of the data sampig. the fraction of prompt photons, is estimated to be approteip®9%.

The first method uses a clean sample of prompt, isolated pdtom radiative leptonic decays of the
Z boson,Z — ¢ty, in which a photon produced from the final-state radiatiommé of the two leptons
is selected without impaosing any criteria on the photonrdisioating variables. Given the luminosity of
the data collected in Run 1, this method allows the measurenfehe photon identificationficiency
only for 10 GeV< Er < 80 GeV.

In the second method, a large and pure sample of electroesteglfromZ — eedecays with a tag-
and-probe technique is used to deduce the distributionbeotliscriminating variables for photons by
exploiting the similarity between the electron and the phdEM showers. Given the typic&k distribu-
tion of electrons fronZ boson decays and the Run-1 luminosity, this method proydesise results for
30 GeV< Er <100 Gev.

The third measurement uses the discrimination betweenginohotons and background photons provided
by their isolation from tracks in the ID to extract the sampleity before and after applying thight iden-
tification requirements. This method provides resultsfangverse momenta from 20 GeV to 1.5 TeV.

The three measurements are performed for photons with pesgidity in the fiducial region of the
EM calorimeter in which the first layer is finely segmentednalq: |7 < 1.37 or 152 < |n| < 2.37.
The identification #iciency is measured as a function®f in four pseudorapidity intervalgy| < 0.6,

0.6 < |g| < 1.37, 152 < |g| < 1.81 and 181 < || < 2.37. Since there are not many data events with
high-Er photons, the highedEr bin in which the measurement with the matrix method is penfxt
corresponds to the large interval 250 Ge\Er < 1500 GeV. In this range a majority of the photon
candidates have transverse momenta below about 400 Ge\Eftlestribution of the selected photon
candidates in this interval has an average value of 300 GeMaarRMS value of 70 GeV). However,
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from the simulation the photon identificatioffieiency is expected to be constant at the few per-mil level
in this Et range.

5.1. Photons fromZ boson radiative decays

RadiativeZ — ¢y decays are selected by placing kinematic requirements emitapton pair, the
invariant mass of the three particles in the final state aralitgyurequirements on the two leptons. The
reconstructed photon candidates are required to be iddlathe calorimeter but no selection is applied
to their discriminating variables.

Events are collected using the lowest-threshold unpredcihgle-lepton or dilepton triggers.

Muon candidates are formed from tracks reconstructed Indtiei ID and in the muon spectrometég],
with transverse momentum larger than 15 GeV and pseuddapjd< 2.4. The muon tracks are required
to have at least one hit in the innermost pixel layer, onerhibe other two pixel layers, five hits in the
SCT, and at most two missing hits in the two silicon detect@itse muon track isolation, defined as the
sum of the transverse momenta of the tracks inside a coneefBi= +/(An)? + (A¢)? = 0.2 around the
muon, excluding the muon track, is required to be smallen #G%6 of the muorpr.

Electron candidates are required to h&te> 15 GeV, andn| < 1.37 or 152 < || < 2.47. Electrons
are required to satisfynediumidentification criteria 43] based on tracking and transition radiation in-
formation from the ID, shower shape variables computed fiteerateral and longitudinal profiles of the
energy deposited in the EM calorimeter, and track—clusggiching quantities.

For both the electron and muon candidates, the longitudgaland transversedf) impact parameters
of the reconstructed tracks with respect to the primaryexewith at least three associated tracks and
with the largest}’ p% of the associated tracks are required to satigfly< 10 mm and|do|/og, < 10,
respectively, where, is the estimated, uncertainty.

TheZ — ¢¢y candidates are selected by requiring two opposite-sigrgetldeptons of the same flavour
satisfying the previous criteria and one isolated photardichate withEr > 10 GeV andn| < 1.37 or
152 < |n| < 2.37. An angular separatiotR > 0.2 (0.4) between the photon and each of the two muons
(electrons) is required so that the energy deposited byetbtons in the calorimeter does not bias the
photon discriminating variables. In the selected evehtstitiggering leptons are required to match one
(or in the case of dilepton triggered events, both) ofZteandidate’s leptons.

The two-dimensional distribution of the dilepton invatianass,my, versus the invariant mass of the
three final-state particlesy,,, in events selected ir/s = 8 TeV data is shown in Fig3. The selected
sample is dominated b¥ +jet background events in which one jet is misreconstructeé ghoton.
These events, which have a cross section about three orffderagnitudes higher thaffy events, have
My ~ Mz andmy,,, 2 Mz, while final-state radiatio@ — ¢y events haven, < mz andmy,, ~ my,
wheremy is theZ boson pole mass. To significantly reduce thejet background, the requirements of
40 GeV< my, <83 GeVand 80 Gewk my, <96 GeV are thus applied.

After the selection, 54000 unconverted and 19000 convéstddted photon candidates are collected in
theZ — uuy channel, and 32000 unconverted and 12000 converted idgiiteton candidates are se-
lected in theZ — eey channel. The residual background contamination fibnjet events is estimated
through a maximum-likelihood fit (called “template fit” ineHollowing) to themy,, distribution of se-
lected events after dropping the 80 GeVm,,, < 96 GeV requirement. The data are fit to a sum of
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Figure 3: Two-dimensional distributions of,,, andmy, for all reconstructe@ — ¢¢y candidates after loosening
the selection applied toy,, andm,,. No photon identification requirements are applied. Evéwois initial-state
(my = my) and final-staterty,, ~ my) radiation are clearly visible.

the photon and background contributions. The photon ankignasndmy,, distributions (“templates”)
are extracted from thé — ¢£y andZ +jet simulations, corrected to take into account known ddta—
differences in the photon and lepton energy scales and resoarnbin the leptonféciencies. The sig-
nal and background yields are determined from the data bymisirg the likelihood. Due to the small
number of selected events in data and simulation, theseadifsesformed only for two photon transverse
momentum intervals, 10 Ge¥ Et < 15 GeV ander > 15 GeV, and integrated over the photon pseu-
dorapidity, since the signal purity is found to be similathe four photoriy| intervals within statistical
uncertainties.

Figure4 shows the result of the fit for unconverted photon candidaigstransverse momenta between
10 GeV and 15 GeV. The fraction of residual background in tgion 80 GeV< my, < 96 GeV
decreases rapidly with the reconstructed photon transwvemnentum, from: 10% for 10 GeV< Er <

15 GeV to< 2% for higherEr regions. A similar fit is also performed for the subsample hick the
photon candidates are required to satisfyttbkt identification criteria.

The identification #iciency as a function oEr is estimated as the fraction of all the selected probes in
a certainEy interval passing théght identification requirements. For 10 Ge¥ Er < 15 GeV, both
the numerator and denominator are corrected for the avdragiground fraction determined from the
template fit. ForEr > 15 GeV, the background is neglected in the nominal resull, aasystematic
uncertainty is assigned as thefdrence between the nominal result and tffeciency that would be
obtained taking into account the background fraction deiteed from the template fit in thi& region.
Additional systematic uncertainties related to the sigmal backgroundn,, distributions are estimated
by repeating the previous fits with templates extracted fatternative MC event generators (POWHEG
interfaced to PHOTOS and PYTHIAS fa& — ¢¢y and ALPGEN forZ+jet, Z — ¢£). The total relative
uncertainty in the &iciency, dominated by the statistical component, increfises 1.5-3% (depending
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Figure 4: Invariant massr{,,,) distribution of events in which the unconverted photont@sGeV < Er < 15 GeV,
selected in data at/s = 8 TeV after applying all th& — yuy selection criteria except that an,,, (black dots).
No photon identification requirements are applied. Thedsblack line represents the result of fitting the data
distribution to a sum of the signal (red dashed line) and gemknd (blue dotted line) invariant mass distributions
obtained from simulations.

onn and whether the photon was reconstructed as a convertediacanverted candidate) for 10 GeV
Er < 15 GeV to 5-20% foEr > 40 GeV.

5.2. Electron extrapolation

The similarity between the electromagnetic showers indigeisolated electrons and photons in the EM
calorimeter is exploited to extrapolate the expected phadtstributions of the discriminating variables.
The photon identification fBciency is thus estimated from the distributions of the samugables in

a pure and large sample of electrons with between 30 GeV and 100 GeV obtained fradm— ee
decays using a tag-and-probe methdg|.[Events collected with single-electron triggers are cele if
they contain two opposite-sign electrons wiih > 25 GeV,|g| < 1.37 or 152 < || < 2.47, at least
one hit in the pixel detector and seven hits in the siIicorecit«elrs,EiTso < 4 GeV and invariant mass
80 GeV < mge < 120 GeV. The tag electron is required to match the triggeecailbgnd to pass the
tight electron identification requirements. A sample of abouwt B0° electron probes is collected. Its
purity is determined from thenee spectrum of the selected events by estimating the backdroulnose
normalisation is extracted using events with. > 120 GeV and whose shape is obtained from events
in which the probe electron candidate fails both the isofatind identification requirements. The purity
varies slightly withEy and|n|, but is always above 99%.

The diferences between the photon and electron distributionsediitriminating variables are studied
using simulated samples of prompt photons and electrons Zre-» eedecays, separately for converted
and unconverted photons. The shifts of the photon discstirig variables described in Sedtare not

17



applied, since it is observed that the photon and electrstnilolitions are biased in a similar way in the
simulation.

Photon conversions produce electron—positron pairs wdmetusually sfficiently collimated to produce
overlapping showers in the calorimeter, giving rise to Engusters with distributions of the discrim-
inating variables similar to those of an isolated electrdhe largest dferences between electrons and
converted photons are found in tRg distribution, due to the bending of electrons and positiorppos-

ite directions in the—p plane, which leads to a broadgy distribution for converted photons. However,
the R, requirement used for the identification of converted phetsrelatively loose, and a test on MC
simulated samples shows that, by directly applying the edad photon identification criteria to an elec-
tron sample, the p obtained from electrons overestimates tfiency for converted photons by at most
3%.

The showers induced by unconverted photons are more likabggin later than those induced by elec-
trons, and thus to be narrower in the first layer of the EM d@adeter. Additionally, the lack of photon-
trajectory bending in the plane makes th&, distribution particularly dierent from that of electrons.
Therefore, if the unconverted-photon selection criteradirectly applied to an electron sample, the
obtained from these electrons is about 20—-30% smaller tiadfticiency for unconverted photons with
the same pseudorapidity and transverse momentum.

To reduce suchfiects a mapping technique based on a Smirnov transformatifjrig used for both
the unconverted and converted photons. For each disctimgneariablex, the cumulative distribution
functions (CDF) of simulated electrons and photons, gR®Fand CDFE(x), are calculated. The trans-
form f(x) is thus defined by CD¥x) = CDF,(f(x)). The discriminating variable of the electron probes
selected in data can then be corrected on an event-by-easistly applying the transfor(x) to obtain
the expected one for photons in data. Fighiidustrates the process for one shower shdgg.(These
Smirnov transformations are invariant under systematftssluhich are fully correlated between the elec-
tron and photon distributions. Due to théfdrences in thigy| andEr distributions of the source and target
samples, the dependence of the shower shapgg, &, and whether the photon was reconstructed as a
converted or an unconverted candidate, this process itedpg#parately for converted and unconverted
photons, and in various regions Bf and|s|. The dficiency of the identification criteria is determined
from the extrapolated photon distributions of the discniating variables.

The following three sources of systematic uncertainty aresitlered for this analysis:

¢ As the Smirnov transformations are obtained independdatlgach shower shape, the estimated
photon identification giciency can be biased if the correlations among the discatinig variables
are significantly dierent between electrons and photons. Non-closure tesfsed@med on the
simulation, comparing the identificatiorfieiency of true prompt photons with théheiency ex-
trapolated from electron probes selected with the samdresgant as in data and applying the
extrapolation procedure. Theflirences between the true and extrapolafédiencies are at the
level of 1% or less, with a few exceptions for unconvertedtphs, for which maximum dlierences
of 2% are found.

e The results are alsdfected by the uncertainties in the modelling of the showepslaistributions
and correlations in the photon and electron simulationsl ts@xtract the mappings. The largest
uncertainties in the distributions of the discriminatirgyigbles originate from limited knowledge
of the material upstream of the calorimeter. The extractibthe mappings is repeated using
alternative MC samples based on a detector simulation withngervative estimate of additional
material in front of the calorimetei2]l]. This detector simulation is considered as conservative
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Figure 5: Diagram illustrating the process of Smirnov tfarmsation. R, is chosen as an example discriminating
variable whose distribution is particularlyfiérent between electrons and (unconverted) photons R} pgobab-
ility density function (pdf) in each sample (a) is used tocoddte the respective CDF (b). From the two CDFs, a
Smirnov transformation can be derived (c). Applying thexsfarmation leads to aRy distribution of the trans-
formed electrons which closely resembles the photon Higion (d).
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enough to cover any mismodelling of the distributions ofdseriminating variables. The extracted
gp differs from the nominal one by typically less than 1% for coraerphotons and 2% for
unconverted ones, with maximum deviations of 2% and 3.5%emtorst cases, respectively.

e Finally, the dfect of a possible background contamination in the seledesdren probes in data
is found to be smaller than 0.5% in dtl, |5| intervals for both the converted and unconverted
photons.

The total uncertainty is dominated by its systematic corepband ranges from 1.5% in the central region
to 7.5% in the highedEr bin in the endcap region, with typical values of 2.5%.

5.3. Matrix method

An inclusive sample of about % 10° isolated photon candidates is selected using single-phdiggers
by requiring at least one photon candidate with transversmemtum 20 Ge\k Er < 1500 GeV and
isolation energyEiTSO < 4 GeV, matched to the photon trigger object passingltiose identification
requirements.

The distribution of the track isolation of selected cantiidain data is used to discriminate between
prompt and background photon candidates, before and aipéyiag thetight identification criteria. The
track isolation variable used for the measurement of thieiency of unconverted photon candidates,
p, is defined as the scalar sum of the transverse momenta ofaitiest with transverse momentum
above 0.5 GeV and distance of closest approach to the privestgx alongz less than 0.5 mm, within

a hollow cone of A < AR < 0.3 around the photon direction. For the measurement of fildency

of the converted photon candidates, the track isolatio'rabmv‘tff is defined as the number of tracks,
passing the previous requirements, within a hollow cone bkOAR < 0.4 around the photon direction.
Unconverted photon candidates Wi;lﬁ0 < 1.2 GeV and converted photon candidates V\u{ﬂﬁ =0
are considered to be isolated from tracks. The track ismlatariables and requirements were chosen
to minimise the total uncertainty in the identificatioffi@ency after including both the statistical and
systematic components.

The yields of prompt and background photons in the seleaegpke (“ALL" sample),Ng’” and Ngl, and
in the sample of candidates satisfying tight identification criteria (“PASS sample”Ng'assand Ng‘ass

are obtained by solving a system of four equations:

T _ S B
Nai = Ngi+ Ny
T _ S B
Npass = Npass+ Npass
T,iso S S B B
Nai &1 % Naji + £passX Nyyp»
T,iso _ S S B B
Npass =  &passX Npass"' €passX Npass 1)

HereN' and Ngass are the total numbers of candidates in the ALL and PASS samglgpectively,

all ]
while NI/'° and NJ;5S are the numbers of candidates in the ALL and PASS samplepdsatthe track

all
isolation requirement. The quantitie%fB) andsg’%are the ficiencies of the track isolation requirements

for prompt (background) photons in the ALL and PASS samplElse identification ficiencyep =

S S ; .
Npasd N3 is thus: .
T B B \~
. Npass[spass_ gpass] (Sall - 8a||)
ID = s
T S _.B
Nai €al ~ €an

(@)

S B
Epass™ Epass
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whereepass(all) = Ng;:;“(ald\lgass(a”) is the fraction oftight (all) photon candidates in data that satisfy the

track isolation criteria.

The prompt-photon track isolatiomﬁe:iencies,sasm andegass are estimated from simulated prompt-photon
events. The dference between the track isolatidfi@ency for electrons collected in data and simulation
with a tag-and-prob& — eeselection is taken as a systematic uncertainty. An additispstematic
uncertainty in the prompt-photon track isolatiofii@encies is estimated by conservatively varying the
fraction of fragmentation photons in the simulation4100%. The overall uncertainties éji” andsgaISS
are below 1%.

The background-photon track isolatioffieiencies,s2, and sE‘ass are estimated from data samples en-
riched in background photons. For the measuremeeglpfthe control sample of all photon candidates
not meeting at least one of thight identification criteria is used. In order to obtaiﬁiss a relaxed ver-
sion of thetight identification criteria is defined. Thelaxed tightselection consists of those candidates
which falil at least one of the requirements on four discratiimg variables computed from the energy in
the cells of the first EM calorimeter laydf e, wss, AE, Eratio), but satisfy the remainintight identifica-
tion criteria. The four variables which are removed fromtighat selection to define thelaxed tightone
are computed from the energy deposited in a few strips of thedompartment of the LAr EM calori-
meter near the one with the largest deposit and are chosenthiely have negligible correlations with the
photon isolation. Due to the very small correlation (few %oeen the track isolation and these discrim-
inating variables, the background-photon track isolagfitiency is similar for photons satisfyirtgght

or relaxed tightcriteria. The diferences between the track isolatidficéencies for background photons
satisfyingtight or relaxed tightcriteria are included in the systematic uncertainties. ddmtamination
from prompt photons in the background enriched samplesdsuated for in this procedure by using
as an additional input the fraction of signal events passmfailing therelaxed tightrequirements, as
determined from the prompt-photon simulation. The fractid prompt photons in the background con-
trol samples decreases from about 20% to 1%, with incregwingpn transverse momentum. The whole
procedure is tested with a simulated sample/efet and dijet events, and thefilirence between the
true track isolation #iciency for background photons and the one estimated wishptfticedure is taken
as a systematic uncertainty. An additional systematic aicgy, due to the use of the prompt-photon
simulation to estimate the fraction of signal photons inlthekground control regions, is estimated by
re-calculating these fractions using alternative MC sasiplased on a detector simulation with a conser-
vative estimate of additional material in front of the catoster. The typical total relative uncertainty in
the background-photon track isolatiofiieiency is 2—4%.

As an example, Figh shows the track isolatiorfiéciencies as a function & for prompt and background
unconverted photon candidates wiith< 0.6 in the ALL and PASS samples, as well as the fractions of
all or tight photon candidates in data that satisfy the track isolatitier@a. From these measurements
the photon identification féciency is derived, according to EQR)( The track isolation fciency for
prompt-photon candidates is essentially independent efptioton transverse momentum. For back-
ground candidates, the track isolatidfi@ency initially decreases witkr, since candidates with larger
Er are produced from more energetic jets, which are therefuaeacterised by a larger number of tracks
near the photon candidate. At higher transverse energipgatly above 200 GeV, the boost of such
tracks causes some of them to fall within the inner col@ & 0.1) of the isolation cone around the
photon and the isolationfiiciency for background candidates therefore increases.

The total systematic uncertainty decreases with the texaevenergy. It reaches 6% below 40 GeV, and
amounts to 0.5-1% at high&, where the contribution of this method is the most important
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Figure 6: Track isolationféiciencies as a function dfr for unconverted prompt (green circles) and background
(black triangles) photon candidates withifi < 0.6 in (a) the inclusive sample or (b) passitight identification
requirements. Thefigciencies are estimated combining the simulation and dataaesamples. The blue square
markers show the track isolatioffieiency for candidates selected in data.

The final result is obtained by multiplying the measurdidcincy by a correction factor which takes
into account the preselection of the sample using photggers, which already apply some loose re-
quirements to the photon discriminating variables. Theemtion factor, equal to the ratio of thight
identification éficiency for all reconstructed photons to that for photonscimiag the trigger object that
triggers the event, is obtained from a corrected simulaifghotontjet events. This correction is slightly
lower than unity, by less than 1% f&r > 50 GeV and by 2—3% foEt = 20 GeV. The systematic uncer-
tainty from this correction is negligible compared to thkeestsources of uncertainty.

6. Photon identification dficiency results at Vs = 8 TeV

6.1. Hiiciencies measured in data

The identification #iciency measurements fof's = 8 TeV obtained from the three data-driven methods
discussed in the previous section are compared in Figsd8. TheZ — eey andZ — uuy results agree
within uncertainties and are thus combined, following acprure described in the next section, and only
the combined values and are shown in the figures. In aHgwins in which the central values of the
Z — eey and theZ — uuy results difer by more than the combined uncertainty, the latter is ased to
cover the full diference between the two results.

In the photon transverse momentum regions in which tiferdint measurements overlap, the results from
each method are consistent with each other within the umioégs. Relatively large fluctuations of the
radiativeZ decay measurements are seen, due to their large statistioattainties.
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Figure 7: Comparison of the data-driven measurements dtiémification dficiency for unconverted photons as
a function ofEr in the region 10 Ge\k Er < 1500 GeV, for the four pseudorapidity intervals @)< 0.6, (b)
0.6 < |yl < 1.37, (c) 152 < |n| < 1.81, and (d) 181 < |5 < 2.37. The uncertainty lines represent the sum in
quadrature of the statistical and systematic uncertaieséimated in each method.

The photon identificationficiency increases from 50-65% (45-55%) for unconvertedvarted) photons
atEr ~ 10 GeV to 94-100% aEr = 100 GeV, and is larger than about 90% & > 40 GeV. The
absolute uncertainty in the measurdfiogency is around 1% (1.5%) for unconverted (converted) qiot
for Et < 30 GeV and around 0.4-0.5% for both types of photons above 80f@ the most precise
method in a given bin.

6.2. Comparison with the simulation

In this section the results of the data-driveficéency measurements are compared to the identification
efficiencies predicted in the simulation. The comparison ifopered both before and after applying the
shower shape corrections.

Prompt photons produced in photget events have éierent kinematic distributions than photons origin-
ating in radiativeZ boson decays. Moreover, some of the photong+ijet events — unlike those fro
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Figure 8: Comparison of the data-driven measurements dfithdification dficiency for converted photons as a
function of Et in the region 10 Ge\x Er < 1500 GeV, for the four pseudorapidity intervals [@)< 0.6, (b)

0.6 <|n < 1.37,(c) 152< |5 < 1.81, and (d) 81 < || < 2.37. The uncertainty lines represent the quadratic sum
of the statistical and systematic uncertainties estimateach method.

boson decays — originate in parton fragmentation. Suctoplkdtave lower identificationfieciency than
the photons produced directly in the hard-scattering E®cdue to the energy deposited in the calori-
meter by the hadrons produced almost collinearly with thetqoinin the fragmentation. After applying
an isolation requirement, however, the fragmentation @imtusually represent a small fraction of the
selected sample, typically below 10% for low transverse i@ and rapidly decreasing to a few %
with increasingEr. The diference in identificationfiiciency between photons from radiatizeboson
decays and fronp+jet events is thus expected to be small. To account for sudffieaehce, theféiciency
measured in data with the radiatideboson decay method is compared to the prediction from stedila
Z — (ty events (Figs9 and 10), while the gficiency measured in data with the electron extrapolation
and matrix methods is compared to the prediction from sitedl@hotor-jet events (Figsl1and12).

The level of agreement among thefdrentep values improves with increasirigr: no significant dif-
ference is observed between the data-driven measurenmahtie@nominal or corrected simulation for
Er > 60 GeV. At lower transverse momenta, the nominal simulaiémals to overestimate théieiency
by up to 10-15%, as the electromagnetic showers from phaiantypically narrower in the simulation
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Figure 9: Comparison of the radiativeboson data-drivenféciency measurements of unconverted photons to the
nominal and corrected — ££y MC predictions as a function dr in the region 10 Ge\k Er < 80 GeV, for the
four pseudorapidity intervals (&) < 0.6, (b) 06 < |n| < 1.37, (¢) 152< || < 1.81, and (d) 881 < || < 2.37. The
bottom panels show the ratio of the data-driven resultsédMit predictions (also called scale factors in the text).

than in data. In the same transverse momentum range, tleetamsimulation agrees with the data-driven
measurements within a few percent.

The remaining dtference between the corrected simulation and the dataadmeasurements is taken
into account by computing data-to-MGfieiency ratios, also referred to asale factordSF). The data-
to-MC efficiency ratios are computed separately for each method amldbmbined. Theficiencies
from theZ — ¢¢y data control sample are divided by the prediction of the &tian of radiative photons
from Z boson decays, while the results from the other two methaglgliaided by the predictions of the
photontjet simulation. The data-to-MCfigciency ratios are shown in the bottom plots of Figsl2 and
are used to correct the predictions in the analyses usingp$.0o

Because of their good agreement and the mostly independéatsdmples used, the data-to-Mfi-e
ciency ratios as a function of phot&y are combined into a single, more precise result in the oppirta
regions. The combination is performed independently indifferent pseudorapidity and transverse en-
ergy bins, using the Best Linear Unbiased Estimate (BLUBhowk 45, 46]. The combined data-to-MC
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Figure 10: Comparison of the radiativeboson data-drivenficiency measurements of converted photons to the
nominal and corrected — ££y MC predictions as a function dr in the region 10 Ge\k Er < 80 GeV, for the
four pseudorapidity intervals (@) < 0.6, (b) 06 < |n| < 1.37, (¢) 152< || < 1.81, and (d) 881 < || < 2.37. The
bottom panels show the ratio of the data-driven resultsedMit predictions (also called scale factors in the text).

efficiency ratio SF is calculated as a linear combination of tipeii measurements, SWith codficients

w;i that minimise the total uncertainty in the combined resuitthe algorithm, both the statistical and
systematic uncertainties, as well as the correlations stegyatic sources between input measurements,
are taken into account assuming that all uncertainties Gauessian distributions. In practice, the quant-
ity that is minimised is g? built from the various results and their statistical andeystic covariance
matrices. Since the three measurements uBerdnt data samples and independent MC simulations, their
systematic and statistical uncertainties are largely uetaied. The background-induced uncertainties in
theZ — eey andZ — uuy results, originating from the same background procgsget events with a

jet misreconstructed as a photon) and evaluated with the saethod, are considered to be 100% cor-
related. The uncertainties in the results of the matrix e#nd the electron extrapolation method due
to limited knowledge of the detector material in the simiolatare also partially correlated, both being
determined with alternative MC samples based on the saneetdetsimulation with a conservative es-
timate of additional material in front of the calorimetehéerexact value of this correlation isflicult to
estimate. However, it was checked by varying the amount wetadion that its &ect on the final result
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Figure 11: Comparison of the electron extrapolation andimatethod data-drivenficiency measurements of
unconverted photons to the nominal and corrected promgtepijet MC predictions as a function & in the
region 20 GeV< Et < 1500 GeV, for the four pseudorapidity intervals [@)< 0.6, (b) 06 < |n| < 1.37, (c)
152< |5 < 1.81, and (d) 181 < || < 2.37. The bottom panels show the ratio of the data-driven tesukhe MC
predictions (also called scale factors in the text).

is negligible.

After the combination, for each averaged scale factor SFth= Zi’il wi(SF— SF)? is computed and
compared tdN — 1, whereN is the number of measurements included in the combinedtresuihat
point, andN — 1 is the expectation value gf from a Gaussian distribution. Only a few bins among alll
photonn and Et bins for unconverted and converted photons are found to @& — 1) > 1. These

x? values are smaller than 2.0, confirming that thetént measurements are consistent. For the points
with y2/(N — 1) > 1, the error in the combined valuéSF, is increased by a fact& = /y2/(N — 1),
following the prescription in Ref47]. The combined data-to-MCfigciency ratios dier from one by as
much as 10% aEr = 10 GeV and by only a few percent abolig = 40 GeV.

A systematic uncertainty in the data-to-M@ieiency ratios is associated with the uncertainty in phejen
simulation’s modelling of the fraction of photons emitted the fragmentation of partons. In order
to estimate the féect on the data-to-MCfhciency ratio, the number of fragmentation photons in the
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Figure 12: Comparison of the electron extrapolation andimatethod data-drivenficiency measurements of
converted photons to the nominal and corrected promptgphget MC predictions as a function d&r in the
region 20 GeV< Et < 1500 GeV, for the four pseudorapidity intervals [@)< 0.6, (b) 06 < |n| < 1.37, (c)
152 < |5l < 1.81, and (d) 181 < || < 2.37. The bottom panels show the ratio of the data-driven gationi¢ghe MC
predictions (also called scale factors in the text).

photontjet MC sample is varied by50%, and the maximum variation of the data-to-M@agency ratio

is taken as an additional systematic uncertainty. This maicdy decreases with increasing transverse
momentum and is always below 0.5% and 0.7% for unconverteldcanverted photons, respectively.
This uncertainty is also larger than th@@ency diferences observed in the simulation betwedfedint
event generators, which are thus not considered as a sepgsiématic uncertainty in the data-to-MC
efficiency ratios.

The dfect of the isolation requirement on the data-to-Mficeency ratios is checked by varying it
between 3 and 7 GeV and recomputing the data-to-MiCiency ratios using boson radiative decays.
The study is performed in fierent regions of pseudorapidity and integrated d@#eto reduce statistical
fluctuations. The deviation of the alternative data-to-Miicency ratios from the nominal value is typ-
ically 0.5% and always lower than 1.2%, almost independémiseudorapidity. This deviation is thus
considered as an additional uncertainty and added in quadria ATLAS measurements with final-state
photons to which an isolation requirementfeient fromE‘TS° < 4 GeV is applied.
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The total uncertainty in the data-to-MGtfieiency ratio is in the range 1.5-2.5% (2—3%) for unconver-
ted (converted) photons fétr < 40 GeV and 0.5-1% for higher transverse momenta. A summary of
the contributions to the final uncertainty on the data-to-Bfficiency ratios of the dierent sources of
uncertainties described in Sebtis given in Table2. The background systematic uncertainties corres-
pond to the background subtraction done in the three meth®tde material uncertainty comes from
limited knowledge of the material upstream of the calorinethich dfects the shower-shape description
for the electron extrapolation method (Sex®) and the track isolationficiency for the matrix method
(Sect.5.3). The non-closure test uncertainty of the Smirnov tramsfappears only in the electron extra-
polation method (Seck.?2).

10-30 GeV 30-100 GeV 100-1500 GeV

Total 1.4%-4.5% 0.2%-2.0% 0.2%-0.8%
Statistics 0.5%-2.0% 0.1%-0.7% 0.1%-0.4%
Unconvertedy Syst. uncertainty 1.0%-4.1% 0.1%-1.2%  0.1%-0.8%
Background 0.6%-1.3% 0.0%-0.8% 0.0%-0.7%
Material 0%-0.8% 0.0%-1.1% 0.0%-0.8%
Non-closure 0.0 0.0%-0.9% 0.0
Total 1.7%-5.6% 0.2%-1.5%  0.2%-0.5%
Statistics 0.9%-3.2% 0.1%-0.6% 0.1%-0.4%
Convertedy Systematics 1.4%-4.3% 0.2%-1.4%  0.1%-0.5%
Background 0.7%-1.7% 0.0%-0.6%  0.0%-0.4%
Material 0%-1.3% 0.0%-1.0% 0.0%-0.5%
Non-closure 0.0 0.0%-0.9% 0.0

Table 2: Ranges of total uncertainty on the data-to-MC phatentification #iciency ratios and breakdown of the
different sources of uncertainty for unconverted and conveftetbns, in three bins of transverse energy, giving
the minimum and maximum values in the four pseudorapidigjores.

In multi-photon processes, such as Higgs boson decays tphatons, a per-eventiiiency correction

to the simulated events is computed by applying scale fad¢toeach of the photons in the event. The
associated uncertainty depends on the correlation bet®€emcertainties in éierent regions of photon
|| andET, and for converted and unconverted photons. Among theragsie uncertainties considered in
the analysis, the impact of correlations is found to be gdgk in all cases but one, that of the uncertainty
in the background level in the matrix method determinatieee(Sect5.3). Its contribution to the SF
uncertainty is conservatively assumed to be fully coreglatcross all regions ¢f| andEr and between
converted and unconverted photons, while the rest of ther@Ertainty is assumed to be uncorrelated.
The correlated and uncorrelated components of the uneriai each region are then propagated to the
per-event uncertainty using a toy-experiment technique.

7. Photon identification eficiency at Vs = 7 TeV

As described in SecB.2, photon identification in the analysis of 7 TeV data reliedtfmmsame cut-based
algorithms used for the 8 TeV data, withffirent thresholds. Such thresholds were first determined
using simulated samples prior to the 2010 data-taking amal lilosened in order to reduce the observed
inefficiency and the systematic uncertainties arising from tfferdinces found between the distributions
of the discriminating variables in data and in the simulatio
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The dficiency of the identification algorithms used for the analysdithe 7 TeV data is measured with the
same techniques described in SéctSmall diferences between the 7 and 8 TeV measurements concern
the simulated samples that were used, and the criteria assldct the data control samples. The 7 TeV
simulations are based on afférent detector material model, as described in Secthe number of
simulated pile-up interactions and the correction factorghe lepton &iciency and momentum scale
and resolution also ffer from those of the 8 TeV study, as do the lepton triggers aedatgorithms
used to identify the leptons in data. Due to the smaller nunabeevents, the 7 TeV measurements
cover a narrower transverse momentum range, 20 &eldy < 250 GeV. The nominal faciency is
measured with respect to photons having a calorimetertisolé&ransverse energy lower than 5 GeV, a
typical requirement used in 7 TeV ATLAS measurements. Th&i®n energy is computed using all
the calorimeter cells in a cone &R = 0.4 around the photon and corrected for pile-up and the photon
energy.

The number of selected candidates is 12000 irzthe ¢y study, 18 x 10° in theZ — eeone, and 5 x
10 in the measurement with the matrix method. All data-drivesasurements are combined using the
same procedure described in Séc2for the scale factors, and then compared to a simulationashpt-
photontjet events. In the combination, thefildirences between théieiencies of photons from radiative
Z boson decays and of photons fromjet events mentioned in Se@&.2 are neglected. Suchftérences
after the photon isolation requirement are estimated to behnsmaller than the uncertainties of the
measurements performed with thés = 7 TeV data. The combinedTiiency measurements for the cut-
based identification algorithms ats = 7 TeV are shown in Figsl3and14. The identification ficiency
increases from 60—70% fdEy = 20 GeV to 87-95% (90-99%) fdEy > 100 GeV for unconverted
(converted) photons. The uncertainty in tHBakency and on the data-to-MGheiency ratios decreases
from 3—10% at lowET to about 0.5-5% foEt > 100 GeV, being typically larger at highgi.

In the search of the Higgs boson decays to diphoton finalssteth 7 TeV data23], an alternative photon
identification algorithm based on an artificial neural netw@NN) was used. The neural network uses
as input the same discriminating variables exploited byctitebased selection. Multi-layer perceptrons
are implemented with the Toolkit for Multivariate Data Apsils [48], using 13 nodes in a single hidden
layer. Separate networks are optimised along bins of phasendorapidity and transverse momentum.
Different networks are created for photons that are reconstias unconverted, single-track converted
and double-track converted, due to theiffelient distributions of the discrimiminating variables. eTh
final identification is performed by requiring the outputadiminant to be larger than a certain threshold,
tuned to reproduce the background photon rejection of thvbased algorithm. For the training of the
NN, simulated signal events and jet-enriched data are uisélde simulation, the discriminating variables
are corrected for the averageffdirences observed with respect to the data. For the NN-bdwsdrp
identification algorithm, thef@ciency increases from 85-90% faf = 20 GeV to about 97% (99%) for
Er > 100 GeV for unconverted (converted) photon candidated) witertainties varying between 4%
and 7%.

8. Dependence of the photon identificationféiciency on pile-up

The dependence of the identificatiofi@ency and of the dateC efficiency scale factors on pile-up was
investigated with both 7 TeV and 8 TeV data. THBagencies are measured as a function of the number
of reconstructed primary vertex candidates with at leasietlassociated trackNpy, a quantity which is
highly correlated tqu, the expected number of interactions per bunch crossin@012 pp collisions,
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Figure 13: Comparison between the identificatifiicencysp of unconverted photon candidatesifs = 7 TeV
data and in the nominal and corrected MC predictions in tiggore20 GeV < Er < 250 GeV, for the four
pseudorapidity intervals (4| < 0.6, (b) 06 < |n| < 1.37, (c) 152 < |5| < 1.81, and (d) 181 < |p| < 2.37. The
black error bars correspond to the sum in quadrature of #tistital and systematic uncertainties estimated for the
combination of the data-driven methods. Only the statstincertainties are shown for the MC predictions. The
bottom panels show the ratio of the data-driven resultsémtiminal and corrected MC predictions.

u was typically between 1 and 40, with an average value of 2thdrrange 10 Ge\k Er < 30 GeV

the photons fronZ boson radiative decays are used, integrating over theudosapidity distribution
because of the small size of the sample. For higher trarswvamnenta the dependence is measured
using the results obtained with the electron extrapolati@thod, in four| bins and in intervals of the
transverse energy: 30 GeVEt <45 GeV andet > 45 GeV. The results of the data measurements are
shown in Figs15-17. The dficiency variation withNpy is quite large folEr < 30 GeV, up to 15% in the
range 0< Npy < 20 (corresponding to about© u < 30). ForEr > 30 GeV the @iciency dependence
on pile-up is independent of pseudorapidity and decrea#bsinereasing transverse momentum. The
efficiency decreases by 3-4% for 30 GeVEy < 45 GeV and 1-3% foEr > 45 GeV whenNpy
increases from 1 to 20. This dependence is smaller in 8 Te¥/tdah in 7 TeV data because the selection
in the 8 TeV measurement was specifically re-optimised t@bg $ensitive to pile-up.

The pile-up dependence of thé&ieiency in data is compared to the prediction of the simutakig cal-
culating the data-to-MC ficiency ratios as a function of the number of reconstructechgny vertex
candidatesNpy. The pile-up dependence of the data-to-M&ogency ratios is assessed through a linear
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Figure 14: Comparison between the identificatidiiceencysp of converted photon candidates ifis = 7 TeV
data and in the nominal and corrected MC predictions in tiggore20 GeV < Er < 250 GeV, for the four
pseudorapidity intervals (4| < 0.6, (b) 06 < || < 1.37, (c) 152 < |5| < 1.81, and (d) 181 < |p| < 2.37. The
black errors bars correspond to the sum in quadrature oftéttist&cal and systematic uncertainties estimated for
the combination of the data-driven methods. Only the diegilsuncertainties are shown for the MC predictions.
The bottom panels show the ratio of the data-driven resuli8@ predictions (also called scale factors in the text).

fit of the dficiency ratios as a function dMpy. The slopes of these fits are always consistent with zero
within the uncertainties, which are of the order of 0.2%. rEfi@re, while the fficiency itself varies sig-
nificantly as a function oNpy, the dependence of the data-to-M@i@ency ratios oNpy in the range

0 < Npy < 26 (corresponding to about € u < 40) is compatible with zero. This observation sug-
gests that the simulation correctly models tifieet of pile-up on the distributions of the discriminating
variables.

9. Conclusion

The dficiencyegp of the algorithms used by ATLAS to identify photons during ttHC Run 1 has been
measured fronpp collision data using three independent methods ffedint photorEr ranges. The
three measurements agree within their uncertainties ioubdappingEr ranges, and are combined.

For the data taken in 2011, 4.9 foat /s = 7 TeV, the diciency of the cut-based identification algorithm
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Figure 15: Hiciency (red dots) of (a) unconverted and (b) converted pteotandidates as a function of the number
Npy of reconstructed primary vertices, measured in 2012 data fadiativeZ boson decays. The measurements are
integrated in pseudorapidity and in the transverse momeramge 10 Ge\k Er < 30 GeV. The red histograms
indicate theNpy distribution in 2012 data.

increases from 60-70% & = 20 GeV up to 87-95% (90-99%) & > 100 GeV for unconverted
(converted) photons. With an optimised neural network ¢ffisiency increases from 85-90% Bt =

20 GeV to about 97% (99%) & > 100 GeV for unconverted (converted) photon candidates $ondar
background rejection. For the data taken in 2012, 20:84db+/s = 8 TeV, the diciency of a re-optimised
cut-based photon identification algorithm increases fr@m65% (45-55%) for unconverted (converted)
photons aEt = 10 GeV to 95-100% &t > 100 GeV, being larger tham 90% forEt > 40 GeV.

The nominal MC simulation of prompt photons in ATLAS predgidignificantly higher identification
efficiency values than those measured in some regions of the gpase, particularly at loir. A
simulation with shower shapes corrected for the averadts stiserved with respect to the data describes
the values ok|p better in the entirde andn range accessible by the data-driven methods. The residual
difference between thefgiencies in data and in the corrected simulation are takemdoncount by
computing data-to-MC féciency scale factors. These factorsiei from one by up to 10% &t =

10 GeV and by only a few percents abdwe = 40 GeV, with an uncertainty decreasing from 1.5-2.5%
(2-3%) atEt = 10 GeV for unconverted (converted) photons to about 0.5-tI8igh E1 for /s = 8 TeV.

The uncertainties are slightly larger fefs = 7 TeV data due to the smaller size of the control samples.
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1.81 < || < 2.37. The 2011 measurements are performed with the matrixaddtr photons wittEr > 20 GeV
and the 2012 measurements with the electron extrapolatethod for photons witter > 30 GeV. The two
(bluered) histograms indicate thdpy distribution in 20112012 data.
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Figure 17: Comparison of data-driveffieiency measurements for converted photons performed w2011
(blue squares) and 2012 (red circles) datasets as a furdftitie numbempy of reconstructed primary vertex
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1.81 < || < 2.37. The 2011 measurements are performed with the matrixaddtr photons wittEr > 20 GeV
and the 2012 measurements with the electron extrapolatethod for photons witter > 30 GeV. The two
(bluefred) histograms indicate thdpy distribution in 20112012 data.
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Appendix

A. Definition of the photon identification discriminating variables

In this Appendix, the quantities used in the selection oftphaandidates, based on the reconstructed
energy deposits in the ATLAS calorimeters, are summarised.

e Leakage in the hadronic calorimeter

The following discriminating variables are defined, basedie energy deposited in the hadronic
calorimeter:

— Normalised hadronic leakage
E?_ad

Er
is the transverse enerdj;l}ad deposited in cells of the hadronic calorimeter whose cestire

awindowAn x A¢ = 0.24x 0.24 behind the photon cluster, normalised to the totaktrarse
energyEr of the photon candidate.

Rhad = (3)

— Normalised hadronic leakage in first layer
had1l
Er

Rhadl = Er

4)
is the transverse enerdf;l?adl deposited in cells of the first layer of the hadronic calotene
whose centre is in a windown x A¢ = 0.24x 0.24 behind the photon cluster, normalised to
the total transverse ener@yt of the photon candidate.

The Rhaq variable is used in the selection of photon candidates vsdugorapidity;| between 0.8
and 1.37 while thdy,q variable is used otherwise.

e Variables using the second (“middle”) layer of the electronagnetic calorimeter

The discriminating variables based on the energy depositdte second layer of the electromag-
netic calorimeter are the following:

— Middle n energy ratio
ESZ
s — 3x7 (5)
S2
E7><7

is the ratio of the sunE§f7 of the energies of the second-layer cells of the electromiign
calorimeter contained in a<¥ rectangle im x ¢ measured in cell units (025 x 0.0245), to
the sumE;Q’XZ7 of the energies in ax7 rectangle, both centred around the cluster seed.
— Middle ¢ energy ratio
Ese
X
Ry = =22 (6)
3x7
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is defined similarly tdR,. Ry behaves very dlierently for unconverted and converted photons,
since the electrons and positrons generated by the latter inedifferent directions i be-
cause of the solenoid’s magnetic field, producing largewshs in theg direction than the
unconverted photons.

— Middle lateral width

W = \/2 Ei77i2 B (Z Eini )2 (7)

N XE | IE
wherek; is the energy deposit in each cell, apds the actual position of the cell, measures
the shower’s lateral width in the second layer of the elesagnetic calorimeter, using all

cells in a windowy x ¢ = 3 x 5 measured in cell units.

e Variables using the first (“front”) layer of the electromagnetic calorimeter

The discriminating variables based on the energy depositiu first layer of the electromagnetic
calorimeter are the following:

— Front side energy ratio
E(+3) - E(x1)

8
E(+1) ®)
measures the lateral containment of the shower, along theection. E(+n) is the energy in
the £n strip cells around the one with the largest energy.

f (i i 2
We3 = ZEI%—EI,MX) (9)

measures the shower width alomnin the first layer of the electromagnetic calorimeter, using
a total of three strip cells centred on the largest energyslep The indexi is the strip
identification numberjnax identifies the strip cells with the greatest energy, &hds the
energy deposit in each strip cell.

I:side =

— Front lateral width (3 strips)

— Front lateral width (total)
wstot Measures the shower width alondn the first layer of the electromagnetic calorimeter
using all cells in a windowAn x A¢ = 0.0625x 0.196, corresponding approximately to:2@
strip cells inp x ¢, and is computed asss.

— Front second maximum energyfdrence

AE = [ESt 0~ Enn (10)
is the diference between the energy of the strip cell with the seco’gééaenergﬁgnﬁmax,

and the energy in the strip cell with the lowest energy fouetivieen the largest and the
second largest enerds>l (AE = 0 when there is no second maximum).

— Front maxima relative energy ratio

S1 _ pES1
_ ElSI max E2nd max
Eratio = ESl ESl (11)
1tmax T 2nd max
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measures the relativeftirence between the energy of the strip cell with the largestgy

Enimax @Nd the energy in the strip cell with second largest en&gly  (Eraio = 1 when

there is no second maximum).
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