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1 Introduction

The ATLAS detector [1-3] at the Large Hadron Collider (LHC) [4] is used to investigate
proton-proton collisions at the highest energies. After the discovery of the Higgs boson in
2012 using four-lepton and diphoton final states [5, 6] and following the deeper understanding
of the detector and the hadron collider environment, precision measurements of Standard



Model parameters are increasingly viable. Measurements of the weak mixing angle [7], the
W boson mass [8] and related cross-sections [9, 10] have proven to be competitive to prior
determinations at the LEP or Tevatron colliders. In addition, precision measurements of the
Higgs boson properties have become an active area of research [11]. These experimentally
challenging precision measurements rely on understanding and controlling the systematic
uncertainties of the object reconstruction in the detector extremely well. Electrons and
photons are pivotal final state objects in these measurements. This paper describes the
performance of electron and photon identification achieved for precision measurements in
the LHC Run 2 data taking period (2015-2018).

The methodology to determine the efficiency of electron identification and isolation
selection has been significantly updated with respect to what was used for previous
publications [12—14], as have the related factors to correct the detector simulation to accurately
reflect the data efficiencies. The electron reconstruction efficiencies have been measured using
the full Run 2 data. The measurements of the photon efficiencies have been updated to profit
from the increased statistics. The results presented here are intended to be the final and
most precise for the pp collision data taken by the ATLAS experiment during LHC Run 2.
They cover the full /s = 13 TeV data sample and also include the 2018 data, which is 70%
larger than 2015-2017 data sample used for the previous results [13, 14].

Data samples of electrons and photons are recorded using electron and photon triggers
whose performance during LHC Run 2 is detailed in ref. [15]. Reconstruction algorithms
and energy calibrations are described in refs. [14, 16]. The work presented here is based on
these triggering, reconstruction and calibration algorithms. Section 2 introduces the ATLAS
detector. A short reminder of how electron and photon objects are reconstructed from the
detector signals is given in section 3, followed by an overview of the data samples used in
section 4. The general definition of the efficiency measurement along with a description of
the changes in methodology are found in section 5, with results on electron reconstruction
and identification efficiencies given in section 6 and 7, respectively. Section 8 reports the
rejections against backgrounds achieved with the electron reconstruction and identification
requirements. Improvements to the pile-up subtraction for the calorimeter isolation and the
resulting electron isolation efficiencies are described in section 9. The photon reconstruction
efficiency has not been remeasured and is reported in ref. [14]. The photon identification
efficiencies can be found in section 10. This paper concludes with section 11.

2 ATLAS detector

The ATLAS detector [1-3] at the LHC covers nearly the entire solid angle around the collision
point.! It consists of an inner tracking detector surrounded by a thin superconducting

'ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre of the
LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢
being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as
n = —Intan(6/2). Angular distance is measured in units of AR = /(An)2 + (A¢)?. The transverse energy
is Er = E/ cosh(n).



solenoid, electromagnetic and hadron calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range of |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
normally being in the insertable B-layer installed before Run 2 [2, 3]. It is followed by
the silicon microstrip tracker (SCT), which usually provides eight measurements per track.
These silicon detectors are complemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to |n| = 2.0. The TRT provides electron
identification capability through the detection of transition radiation photons. It consists of
small-radius drift tubes (‘straws’) interleaved with a polymer material creating transition
radiation for particles with a large Lorentz factor. This radiation is absorbed by the Xe-based
gas mixture filling the straws, discriminating electrons from hadrons over a wide energy
range. Due to gas leaks, some TRT modules are filled with an Ar-based gas mixture. The ID
is surrounded by a superconducting solenoid producing a 2 T magnetic field that ensures
an accurate reconstruction of tracks from the primary pp collision region. It also ensures
the identification of tracks from secondary vertices, permitting an efficient reconstruction
of photon conversions in the ID up to a radius of about 800 mm.

The calorimeter system covers the pseudorapidity range |n| < 4.9. The electromagnetic
(EM) calorimeter is a lead/liquid-argon (LAr) sampling calorimeter with an accordion
geometry. It is divided into a barrel section (EMB) covering the pseudorapidity region
In| < 1.475,%2 and two endcap sections (EMEC) covering 1.375 < |n| < 3.2. The barrel and
endcap calorimeters are immersed in three LAr-filled cryostats, and are radially segmented
into three layers for |n| < 2.5. The first layer, covering || < 1.4 and 1.5 < |n| < 2.4, has
a thickness of about 4.4 radiation lengths (X() and is finely segmented in the n direction,
typically 0.003 x 0.1 in An x A¢ in the EMB, to provide an event-by-event discrimination
between single-photon showers and overlapping showers from the decays of neutral hadrons.
The second layer, which collects most of the energy deposited in the calorimeter by photon
and electron showers, has a thickness of about 17Xy and a granularity of 0.025 x 0.025 in
An x A¢. A third layer, which has a granularity of 0.05 x 0.025 in An x A¢ and a depth
of about 2Xj, is used to correct for leakage beyond the EM calorimeter for high-energy
showers. In front of the accordion calorimeter, a thin presampler layer (PS), covering the
pseudorapidity interval |n| < 1.8, is used to correct for energy loss upstream of the calorimeter.
The PS consists of an active LAr layer with a thickness of 1.1 cm (0.5 cm) in the barrel
(endcap) and has a granularity of An x A¢ = 0.025 x 0.1. The transition region between the
EMB and the EMEC, 1.37 < |n| < 1.52, has a large amount of material in front of the first
active calorimeter layer ranging from 5X¢ to almost 10Xy. This section is instrumented with
scintillators located between the barrel and endcap cryostats, and covering up to |n| = 1.6.

The hadronic calorimeter, surrounding the EM calorimeter, consists of a steel /scintillator
tile calorimeter in the range of |n| < 1.7 and two copper/LAr calorimeters spanning 1.5 < |n| <
3.2. The acceptance is extended by two copper/LAr and tungsten/LAr forward calorimeters
extending up to |n| = 4.9, and hosted in the same cryostats as the EMEC.

2The EMB is split into two half-barrel modules, which cover the positive and negative 1 regions.



The muon spectrometer comprises separate trigger and high-precision tracking chambers
measuring the deflection of muons in a magnetic field generated by the superconducting air-
core toroidal magnets. Three layers of precision tracking chambers covers the region |n| < 2.7,
complemented by cathode-strip chambers in the forward region, where the background is
highest. The muon trigger system covers the range |n| < 2.4.

Events are selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [17].
The first-level trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces to record events to disk at about 1kHz.

An extensive software suite [18] is used in data simulation, in the reconstruction and
analysis of real and simulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

3 Electron and photon objects

3.1 Reconstruction of electron and photon candidates

The reconstruction of electron and photon objects starts from variable-sized topological
clusters combining cells from the EM and hadronic calorimeters [19, 20]. The energies of
the EM calorimeter cells in the cluster are used to reconstruct the EM energy of the cluster.
Those clusters that have an EM energy above 400 MeV and a ratio of EM energy to the
total cluster energy above 0.5 [14] are selected as so-called EM topo-clusters. These EM
topo-clusters are considered for further use in electron and photon reconstruction [14].
Tracks are reconstructed in the ID [13, 14] using either the standard track
reconstruction [21] or an alternative procedure that accounts for energy losses due to
bremsstrahlung in the pattern recognition [13]. Using a sliding window algorithm on EM
calorimeter cells [19], tracks can be loosely matched to fixed-sized clusters. They are then
refitted with a Gaussian sum filter algorithm to improve the accuracy of the fitted track
parameters. These tracks are then further used for electron and photon reconstruction.
Initial electron candidates are reconstructed from the EM topo-clusters described above
that are matched to one or several tracks. The primary track of the electron is chosen using
a metric that depends on the extrapolation of the track from the perigee to the second layer
of the EM calorimeter and uses either the measured track momentum or the magnitude of
its momentum that has been rescaled to match the cluster energy. Details of the matching
criteria and the ranking in case more than one track can be matched are described in ref. [13].
Initial photon candidates can either be reconstructed as converted or unconverted photon
candidates.®> A converted photon object is based on an EM topo-cluster matched to one
or several conversion vertices. The tracks described above are used to reconstruct the
conversion vertices following the procedure described in refs. [14, 22, 23]. Two types of
vertices are employed: two-track conversion vertices using opposite-charged tracks and single-
track conversion vertices using single tracks without hits in the innermost sensitive layers.

3In ATLAS, around 30% of photons convert in the detector material before the LAr calorimeter. Because of
the very different shower development, the identification, isolation and calibration of converted or unconverted
photons is done separately.



The matching of the conversion vertices to the EM topo-cluster is based on the extrapolation
of the conversion candidate to the second sampling layer of the calorimeter. The difference of
the extrapolated n and ¢ coordinates of the conversion and the EM topo-cluster centre is
required to be smaller than 0.05 or 0.1 for double- or single-track conversions, respectively.
An unconverted photon is reconstructed from an EM topo-cluster that is not matched to
an electron track or a conversion vertex.

Using these initial electron and photon candidates, the final EM clusters are built from all
clusters matched to the candidates. If an electron candidate has undergone bremsstrahlung
radiation, which mostly occurs in the bending plane, it might be reconstructed as two
clusters. This happens for about 10% of the clusters, mainly in the forward and the transition
regions [14]. Therefore for all electron and photon candidates, nearby EM topo-clusters are
merged to form the final EM cluster. Starting from the highest-energy EM cluster, nearby
clusters within An x A¢ = 0.075 x 0.125 of their respective barycentres are merged with the
initial cluster unless they were already used. For electrons and converted photons, additional
clusters within An x A¢ = 0.125 x 0.3 are considered if their best matched track or conversion
vertex is the same as for the original cluster. These final EM clusters are retained as part
of the electron and photon objects and can also be referred to as superclusters [14]. After
applying initial position corrections and energy calibrations to the merged EM clusters, the
track and conversion vertex matching procedures are repeated to build electron and photon
objects. Their energies are again calibrated using the procedure described in refs. [14, 16].

3.2 Selection of electron and photon candidates

As a final step, discriminating variables are constructed to separate prompt electrons
or photons from background objects. In this context, prompt electrons or photons are
understood to be stemming from the hard-scattering vertex or from the decay of heavy
resonances such as Higgs, W, and Z bosons, whilst background objects are jets misidentified
as electrons or photons, non-prompt electrons from decays of b- and c-hadrons, or even electrons
misreconstructed as photons and vice versa. The discriminating variables can be grouped
into three types that are either related to properties of the track, the shower development in
the different layers of the calorimeter, or the matching between the track and the calorimetric
cluster. For both electrons and photons, these identification selection requirements are applied
as a function of |n| and transverse energy (Et). A detailed overview of their definition is
given in table 1 of ref. [14]. For the identification of electrons, these variables are combined
into a likelihood classifier, as detailed in ref. [14]. Three sets of identification selection
requirements are defined (Loose, Medium, and Tight), which correspond to increasingly
restrictive selections [13] and hence increasingly suppressed background, at the cost of also
reducing signal acceptance. These identification requirements are valid in the pseudorapidity
range |n| < 2.47.

Photons are identified in the pseudorapidity range |n| < 2.37 using sets of selection
criteria [22] on EM shower shape variables. Three identification selection criteria exist,
named Loose, Medium and Tight. The former two are employed in the trigger, whilst the
Tight criterion is the primary photon identification selection employed for ATLAS analyses.
They are defined in ref. [14].



A number of different isolation variables exist. The photon isolation has not been
updated with regards to ref. [14] and is not discussed further in this publication. The
electron calorimeter isolation [13], ES°"°XX is calculated by summing the transverse energy of
positive-energy topological clusters* whose barycentre falls within a cone centred around the
electron cluster barycentre. Here, XX refers to the size of the employed cone, AR = XX/100.
Frequently, XX is set to 20 for calorimeter isolation. The energy of the electron itself, as well
as contributions from pile-up activity, are subtracted using the methodology described in

(p&i?neXX) is defined as the scalar sum of the transverse

section 9. The track isolation variable
momenta of selected tracks within a cone of size AR = XX /100 centred around the electron
track direction. For track isolation, XX is often set to 20 or 30. The tracks are required to
originate from the primary vertex of the event® and to fulfil minimum quality requirements as
detailed in ref. [14]. Tracks matched to the electron cluster are in general excluded from the
calculation; however, refining the procedure documented in ref. [14], tracks that are further
than |An| > 0.01% away from the primary electron track are still added to the isolation
cone. This improves the background rejection for Et > 100 GeV significantly compared
with previous publications. In simulated tf events,” the rejection is larger by more than
a factor of two, depending on the electron identification and isolation selection, without
degrading the prompt-electron efficiency. For prompt electrons produced in cascade decays of
high-momentum heavy particles where other decay products can be very close to the electron
direction, an alternative track isolation is defined with a variable cone size (p¥r<°neXX) TIn this
case, the cone size shrinks for larger transverse momentum of the primary electron candidate:

10
AR = mi — 7, A max | » 1
R = min <ET[GeV] AR > (3.1)

where ARpax = XXpax/100 is the maximum cone size.

4 Datasets and simulated-event samples

4.1 Selection of the data

The studies documented in this paper use the full pp collision data recorded by the ATLAS
detector between 2015 and 2018 (Run 2), with the LHC operating at a centre-of-mass energy
of /s =13 TeV and a bunch spacing of 25 ns. In this period, the LHC delivered colliding
beams with a peak instantaneous luminosity up to L = 2.1 x 103* cm™2s™!, achieved in 2018,

4The LAr signal is electronically shaped to suppress noise contributions [24] which in some cases cause
fluctuations to lead to cells being reconstructed with negative energies. As the signal-over-noise criterion
for topological cluster formation uses the absolute energies [19], clusters can be reconstructed with negative
energy but are not considered here.

5The primary vertex is defined to be the one with the largest scalar sum of transverse momenta, of the
associated tracks.

5An is evaluated after the tracks have been extrapolated to the EM calorimeter.

"Simulated using the POWHEG Boxv2 [25-28] generator at next-to-leading-order QCD with the
NNPDF3.0NLO [29] PDF set and the hqamp parameter set to 1.5 times the top quark mass [30]. The
events were interfaced to PyTHIA 8.230 [31] to model the parton shower, hadronisation, and underlying event,
with parameters set according to the A14 tune [32] and using the NNPDF2.3L0 set of PDFs [33]. The decays
of bottom and charm hadrons were performed by EVTGEN 1.6.0 [34].



and an average number of pp interactions per bunch crossing (u) of 13, 25, 38, and 34 for 2015,
2016, 2017, and 2018 data, respectively. After applying beam, detector, and data-quality
criteria the total integrated luminosity of the data is 139fb~! [35]. The uncertainty in
the combined 2015-2018 integrated luminosity is 1.7% [36], obtained using the LUCID-2
detector [37] for the primary luminosity measurements.®

The measurements of the electron reconstruction, identification and isolation efficiencies
use a large sample of Z — eTe™ events selected with single-electron triggers. The single-
electron high-level trigger has an Et threshold ranging from 24 GeV in 2015 and most of 2016
to 26 GeV at the end of 2016, and during 2017 and 2018; it requires a Tight identification
and loose tracking-based isolation criteria [14].

A sample of J/¢ — eTe™ events was collected for studies with low-E electrons using
dedicated prescaled dielectron triggers with asymmetric electron Et thresholds ranging from
4 to 14 GeV. Each of these triggers requires Tight trigger identification and Er above a
certain threshold for one trigger object, while only requiring the electromagnetic cluster Er
to be higher than some other (lower) threshold for the second object.

Samples of Z — (¢~ events (with ¢ being an electron or a muon), used to measure
photon identification efficiency at low Er, are selected with the same non-prescaled single-
lepton triggers as the Z — ete™ events described above. Additionally, dielectron triggers are
used with electron E thresholds ranging from 12 to 24 GeV and Loose identification. Events
with Z boson decays into muons are selected using a single muon with a loose tracking-based
isolation criterion and a transverse momentum threshold of 26 GeV and a dimuon trigger
with pr thresholds at 14 GeV [15, 39]. The muons are reconstructed as described in ref. [40].

Inclusive QCD samples and inclusive-photon production samples, used to measure photon
identification efficiency at high Er, are selected with prescaled and non-prescaled single-
photon triggers [15] with Loose identification. The lowest transverse energy threshold of
these triggers is 10 GeV.

4.2 Monte Carlo event simulation

Various Monte Carlo (MC) event generators were employed to simulate the signal and
background samples (Z — ete™, J/iv — ete™, Z — eTe vy, Z — utpu~ v, inclusive-photon
production and tree-level 2 — 2 QCD production including also top-quark pair and weak
vector-boson production). These were used to perform the studies discussed in this paper.
Simulation details additional to those provided below can be found in ref. [14].

The generated signal and background events were processed through the full ATLAS
detector simulation [41] based on GEANT4 [42]. The MC events were simulated with additional
interactions in the same or neighbouring bunch crossings to match the pile-up conditions
during LHC operations. The overlaid pp collisions were generated with the soft QCD processes
of PyTHIA8 [31] using the A3 set of tuned parameters [43] and the NNPDF2.3Lo PDF
set [33]. Although this set of tuned parameters improves the modelling of minimum-bias data
relative to the set used in the past (A2 [44]), it overestimates by roughly 3% the hadronic

8The final luminosity for Run 2 was determined be 140 fb~* with an uncertainty of 0.83% [38]. The impact
on the presented efficiency measurement is fully negligible. Therefore the presented results have not been
updated using the new integrated luminosity.



activity as measured using charged-particle tracks. Simulated events were reweighted to
reproduce the distribution of the average number of interactions per bunch crossing in data,
scaled down by a factor 1.03 [45].

Studies presented throughout this paper using MC simulation select electrons originating
from Z — eTe™ or J/v — eTe” decays, or photons from Z — ¢T¢~~, inclusive-photon
production samples, or other processes using generator-level information. The matching of
the reconstructed and generated electrons is based on their ID track [46]. The reconstructed
electrons are classified as genuine if this track is reconstructed from the primary electron,
or from secondary particles produced in a material interaction of the primary electron or
of final state radiation emitted collinearly. Reconstructed and generator-level photons are
matched based on their distance in 17—¢ space between the EM cluster barycentre and the
extrapolation of the photon direction to the 2nd layer of the EM calorimeter.”

5 Electron efficiency measurements

The efficiency of reconstructing, triggering on, and selecting a genuine, prompt electron
can be factorized into different terms:

€total = EEMclus X €reco X €id X Eiso X Etrigger- (51)

In equation (5.1), egMelus is the probability to reconstruct an EM-cluster given a genuine
electron. This efficiency is computed as the ratio of the number of reconstructed EM clusters,
Neiuster, and the number of produced electrons, Nuj. It is evaluated entirely from MC
simulation, where the reconstructed cluster is associated to a genuine electron produced at
generator level, and is found to be above 99% for electrons with Ex > 10 GeV [14].

The reconstruction efficiency, €eco, reflects the performance of the track reconstruction
and its association with the cluster. It is obtained from the number of reconstructed electron
candidates with a track, Nyeco, divided by the number of EM cluster candidates, N¢juster- The
identification efficiency, €iq, is the probability of a reconstructed electron to satisfy a certain
identification criterion. It is defined as the number of identified and reconstructed electron
candidates, Niq, divided by Nieco. The isolation efficiency, €iso, is the probability of an
identified electron to pass requirements on the track or calorimeter isolation. It is calculated
as the number of identified electron candidates satisfying the isolation, identification, and
reconstruction requirements, Nigo, divided by Nig. Only €reco, €id, Eiso efficiencies are further
discussed in this paper.

Finally, the trigger efficiency, etrigger, is calculated as the number of (reconstructed,
identified, and isolated) electron candidates passing the trigger requirements, Ny, divided
by N iso [15]‘

All efficiencies except emmelns are estimated directly from data using tag-and-probe
methods that select from unbiased samples of electrons produced in the decays of well-known
resonances, such as Z — ete™ or J/1) — eTe™, unbiased samples of electrons produced in

In an elliptical cone of 17 x ¢ = 0.025 x 0.5 the highest Et generator-photon is chosen as a match. If none
is found, the leading particle in the cone is matched instead independent of particle type. If no particle is
found, the closest particle in a cone of AR = 0.1 is used.



the particle’s decay. One of the electrons must satisfy strict selection requirements and serves
as a tag, while the second electron serves as a probe. The efficiency of a given requirement is
then computed by applying it to the probe sample after accounting for residual background
contamination [12-14]. If both the electrons satisfy the tag requirements, each of them
are used as tag and the event provides two probes. This is necessary in order not to bias
the probe selection.

The biggest challenge in the efficiency measurements is the estimation of probes that
originate from background rather than signal processes. This background is largest for the
sample of cluster probes, but the fraction of such events is reduced with each efficiency
step given in equation (5.1), from left to right. Various data-based background estimation
methods are used as described in the relevant sections below.

The accuracy of the observed electron efficiency plays an important role when using
MC simulation to predict physics processes. In order to achieve reliable results, the MC
simulated events need to be corrected to reproduce as closely as possible the efficiencies
measured in data. This is achieved by applying a multiplicative correction factor in the MC
simulation in addition to the other event weights that are used e.g to scale to luminosity, or
to accurately reflect the detector resolution. The correction factor to improve the modelling
of the efficiency is defined as the ratio of the efficiency measured in data to that determined
from MC events where the same efficiency measurement method is used in both the data
and MC simulation. A dedicated correction factor is measured for each of the efficiencies in
equation (5.1) separately. The advantage of using these correction factors is that they are
universally applicable whilst absolute efficiencies might differ from physics process to physics
process. As shown below, these correction factors are normally close to unity with deviations
arising from a mismodelling in the simulation of tracking properties, shower shapes in the
calorimeters, or the isolation from other energy deposits. As their application brings data
and MC simulation closer together, this helps to remove biases from predictions and to avoid
constraints and shifts in likelihood fits when extracting results.

Systematic uncertainties in the correction factors are evaluated by varying the
requirements on the selection of the candidate sample, as well as varying the details of
the background-subtraction [12-14]. How these variations are used to construct the central
values and their uncertainties depends on the method used and is described in the respective
method sections below.

The statistical uncertainty of the efficiency in a single variation of the measurement
is calculated assuming a binomial distribution. The statistical uncertainty related to the
subtracted background is also included in the overall statistical uncertainty.

6 Electron reconstruction

The electron reconstruction efficiency, €reco, is measured in bins of electron Et and n with
bin edges at Er = {15, 20, 25, 30, 35, 40, 45, 50, 60, 80, 150, oo} GeV and n = +{0,
0.1, 0.6, 0.8, 1.15, 1.37, 1.52, 1.81, 2.01, 2.37, 2.47}. The binning in 7 is driven by the
detector geometry, e.g. the transition region between EMB and EMEC (1.37 < |n| < 1.52),
the acceptance of the presampler (|n| < 1.81) and the region where the strip granularity
changes to be coarser (|n| = 2.37).



The electron reconstruction efficiency is only measured for Et > 15 GeV. Below 15 GeV,
the large backgrounds make the measurement unreliable and using low-mass resonances
like J/4 is equally challenging. The electron reconstruction efficiency is defined as the
efficiency to reconstruct a prompt electron with a good quality track'® and with a good
quality cluster!'! from all reconstructed EM clusters. Including track and cluster quality
requirements in the measurement of the reconstruction efficiency reduces it by about 0.5%
compared to the previous publications [14].

The measurements are performed using a tag-and-probe method based on the Z — ete™
invariant mass to estimate both the signal and background as described in ref. [47]. Events are
recorded using the single-electron triggers described in section 4. An event must have at least
one tag electron with Ep > 25 GeV outside the calorimeter transition region 1.37 < |n| < 1.52.
It must pass the Tight identification. To estimate systematic uncertainties, two alternative
tag selection requirements are used that vary the amount of backgrounds and thus test the
robustness of the background estimate: either the Medium or Tight identification, both in
combination with an isolation criterion of E$"*40 < 5 GeV. The tag must be associated with
the object that fired the trigger. Additionally, a probe object must be present, defined as a
reconstructed EM cluster that is isolated by AR > 0.4 from any jet reconstructed with the
anti-k7 algorithm [48, 49] using a radius parameter of 0.4 with pp > 20 GeV. Candidates that
are likely to stem from a photon conversion are discarded [14]. The invariant mass of the tag
and the probe is restricted to be in the range me. € [60,250] GeV and only the highest-mass
pair is chosen in case there is more than one. No charge requirements are applied.

The measurement of the reconstruction efficiencies uses separate methods to estimate
backgrounds from data for EM clusters with and without an associated track:

1. For the sample of EM cluster with associated tracks, non-electron backgrounds are
estimated using a template created by inverting identification and isolation selection
requirements on the probe to select a pure background sample [12, 47]. Two
different variations of this background selection are used, each of which is normalised
simultaneously in the low and high mass region of the invariant mass distribution ([60,
70] GeV and [120, 250] GeV respectively).

2. For the sample of EM clusters without associated tracks, it is difficult to construct a
data-driven template. Therefore, backgrounds from photons or jets are determined
using a third order polynomial fit in sidebands regions around the invariant mass of
the Z boson. This fit function was found to provide a numerically stable description
of the background with a good fit quality. Four different sets of sideband regions are
employed: [70, 80] GeV and [100, 110] GeV; [60, 80] GeV and [100, 120] GeV; [50,
80] GeV and [100, 130] GeV; [55, 70] GeV and [110, 125] GeV. Signal contributions in
these sidebands are subtracted using estimates from MC simulation [12, 47].

ODefined as a track that has at least 7 precision hits in one of the silicon trackers and at least one pixel hit.

"Defined as a cluster that is not affected by the presence of a dead front-end board in the first or second
sampling, or by the presence of a dead HV region affecting the three layers of EM calorimeter, or by the
presence of a masked cell in the core.
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Figure 1. Example of the m+.- distribution used to determine the electron reconstruction efficiency,
using 2018 data and probes with Et € [30,35] GeV and |n| € [0.1,0.6]. The shaded band indicates
the nominal mass range used for efficiency extraction. The Monte-Carlo-simulated signal added to
the total background is shown for illustration purposes; it is not used in the determination of the
data efficiencies. (a) Including all probe clusters, whether reconstructed as an electron or not. The
background with a track is shown separately. Also shown is the data component without track, as
is an example background without track determined by fitting a polynomial to it in the sidebands
[55, 70] GeV and [110, 125] GeV. (b) Including all reconstructed probes. Since these all have a track,
there is only one background component.

The signal yields are extracted by counting the background-subtracted data events in a
window around the Z-boson mass. The efficiency is calculated directly from the background-
subtracted data yields. As systematic variations, the ranges [70, 110] GeV, [75, 105] GeV and
[80, 100] GeV are used. Varying the selection of the tag as well as of the background template
selections and the definition of the sideband regions and mass windows, yields in total 72
systematic variations of the measurement. The efficiency is taken to be the mean value of
these whilst the root mean square of them is taken as systematic uncertainty. Example
My+.— distributions are shown in figure 1.

The electron reconstruction efficiency is very high with values between 98-99%; however,
it drops at higher |n| and in the calorimeter transition region. Electron reconstruction
efficiencies corresponding to the kinematics of simulated Z — eTe™ events are shown in
figure 2 as a function of the electron transverse energy and pseudorapidity, respectively. The
correction factors are shown in the middle panels of the figures. The systematic uncertainties
on the correction factors are less than 0.5% over most of the kinematic range and less than
0.1% for E1 > 30 GeV. They are generally within 1% from unity. The correction factors for
electrons with energies below Er < 15 GeV are not accessible in data measurements. They
are therefore taken to be 1 with uncertainties of 2% and 5% for electron within |n| < 1.37 and
|n| > 1.37 respectively to conservatively cover the values and uncertainties of the correction
factors measured at low Er. The efficiencies measured as function of 1 are symmetric within
uncertainties between the negative and positive ranges of electron pseudo-rapidity.
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Figure 2. Reconstruction efficiencies of electrons from Z — eTe™ decays as a function of the electron
Er (a) and 7 (b) respectively. The top panels show the efficiencies obtained in data and simulation
with their statistical and total uncertainties displayed as inner and outer error bars. The middle
panels show their ratio which is applied as correction factor in analyses. The bottom panels show the
relative statistical and total uncertainties on the data/MC ratio.

Figure 3 shows the reconstruction efficiencies for different years of data taking as a
function of the number of primary vertices in the events, which is closely correlated with the
number of additional pp interaction in an event. The efficiency generally rises as a function
of pile-up. For example, there is a larger probability to match tracks with the clusters
reconstructed from genuine electrons which otherwise might have only been reconstructed as
clusters without tracks. The purity of the sample of reconstructed electrons also decreases with
pile-up as further discussed in section 8. Generally, these effects are well-described in the MC
simulation as evidenced by the flat data/MC ratio displayed in the middle panel of the figure.
This indicates that correction factors have no strong dependence on the amount of pile-up.

7 Electron identification

Electron identification efficiencies are measured in 234 bins of electron Er and 7. The bin
edges lie at Ep = {4.5, 7, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 80, 150, oo} GeV and n = +{0,
0.1, 0.6, 0.8, 1.15, 1.37, 1.52, 1.81, 2.01, 2.37, 2.47}. To enhance statistics, some 7 bins are
merged for Bt < 20 GeV and the absolute value of 7 is used for Et > 150 GeV. For precision
measurements, a finer granularity in 7 is available that has 52 bins instead of 20.!2

For electrons with 4.5 GeV < Er < 20 GeV, identification efficiencies are measured
in J/1 — eTe™ events. In the bin pr € [15,20] GeV, the correction factors from the J/1
measurement are statistically combined with the ones from the Z measurements discussed

12The bin edges for this finer granularity lie at n = +{0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.1, 1.2,
1.3, 1.37, 1.52, 1.6, 1.65, 1.7, 1.8, 1.9, 2, 2.1, 2.2, 2.3, 2.4, 2.47}.
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Figure 3. Reconstruction efficiencies of electrons from Z — eTe™ decays as a function of number
of primary vertices. The top panel shows the efficiencies obtained in data and simulation with their
respective combined systematic and statistical uncertainties. The lower panel shows their ratios.

below. Events with J/1¢ — eTe™ decays are recorded with the triggers described in section 4
and are required to contain at least two oppositely charged electron candidates with Ep >
4.5 GeV and |n| < 2.47. If more than two electrons pass the selection criteria, the pair with
invariant mass closest to the J/1¢ mass is considered. The tag electron must pass Tight
identification, and it is required to be outside the calorimeter transition region, 1.37 < |n| <
1.52. Both the tag and the probe electrons must be matched within AR < 0.07 to the trigger
objects that prompted the recording of the event. The trigger efficiency for electromagnetic
clusters is high and was found not to bias the properties of the probe electron. Unlike
previously, no isolation requirements are applied to the electrons in the nominal case. To
suppress background from photon conversions and hadronic jets, the tag and the probe
candidates must be separated from each other by AR > 0.15.

For electrons with E1 > 15 GeV, identification efficiencies are measured using Z — ete™
events. Events are recorded using the single-electron triggers and must contain two electron
candidates with |n| < 2.47 and opposite charge. The tag electron must have Ep > 27 GeV,
and lie outside the calorimeter transition region 1.37 < |n| < 1.52. It must pass the Tight
identification and a track isolation requirement of pCT‘meQO /pr < 0.1. It must be associated
with the object that fired the trigger. The efficiency is extracted by counting the background-
subtracted data yields in the range m,+.- € [75,105] GeV.

The background due to objects other than prompt electrons, e.g. light- and heavy-flavour
hadrons or photon-conversions and Dalitz decays, cannot be simulated reliably using MC
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simulation. It is therefore determined from data. In Z — eTe™ events, two methods are used
to measure the background and their results are statistically combined. The first method,
called Z mass, uses the electron-positron invariant mass, m+.-, as the discriminating variable
between signal and background. The second, called Z isolation, uses the amount of energy
in an isolation cone around the probe electron. Both methods are described in refs. [12—14]
and here the improvements from the previous results are discussed.

7.1 J/v¥ — ete” measurement

Similarly to the methodology in refs. [12—-14], the invariant-mass distribution of the two
J/v electron candidates in the range [1.8, 4.6] GeV is fitted with functions to extract three
contributions: J/v events, 1(2S5) events, and the background from hadronic jets, heavy
flavour decays, and electrons from conversions. The J/ and 1(2S) contributions are each
modelled with a Crystal Ball function convoluted with a Gaussian function. The background
is determined by fitting a third-order Chebyshev polynomial that was chosen for its numerical
stability. In addition, where possible, combinatorial backgrounds from two random electron
candidates that fall into the mass window are also considered. This is achieved by defining a
same-charge region where the tag and the probe electron have the same charge and otherwise
pass the normal criteria. If this region contains a sufficiently large number of events, which is
on average more than 25 events per bin, then another component is added to the signal-region
fit: a fifth-order Chebyshev polynomial that is fitted simultaneously in the same-charge and
signal region. This treatment allows a better modelling of the background by adding an
additional constraint on the combinatorial background. It is based on the assumption that
the shape of the mass distribution is similar for the same charge and the opposite charge sign
regions, but is only possible if there is sufficient statistics. This improved the agreement of
the fit model with the data with respect to the previous publication.

J/1 — ete™ events come from a mixture of prompt and non-prompt J/1) production,
with relative fractions depending both on the triggers used to collect the data and on the
Er of the probe electrons. Non-prompt J/¢ production can occur e.g. in b-hadron decays.
Only the prompt J/v¢ production yields prompt electrons, which are expected to behave
similarly as those electrons from physics processes of interest to analyses. The non-prompt
J/1¢ production is therefore considered to be a source of background. To suppress this
background, the pseudo-proper lifetime!'? tq of the reconstructed .J/1 is required to be
—1 ps < tg < 0.2 ps. The residual non-prompt fraction in bins of probe electron Et and 7 is
calculated by using MC simulation and the ATLAS measurement using J/v — p*u~ [51] of
the non-prompt fraction in bins of J/¢ pr and n. It is subtracted from the fitted J/1) signal.
The use of the more recent measurement [51] compared to the previous methodology [52]
gives an improved estimate of the non-prompt fraction that has an uncertainty that is up
to a factor of five smaller than previously.

3The pseudo-proper lifetime is defined as to = Ly -m‘FI,ng/p%/w, where Lz, is the displacement of the J/1)
vertex from the primary vertex projected onto the flight direction of the J/v in the transverse plane, mg,gpc is

J/Y oy T/

/% is the J/1-reconstructed transverse momentum. The ratio mppe /Py

the nominal J/¢ mass [50] and py
is the transverse component of the inverse of the relativistic factors, %
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Figure 4. Examples of nominal signal and background fits to the m.+.- distribution used to
determine the efficiency denominator in the J/1¢ — eTe™ measurement, using 2018 data and probes
with Ep € [7,10] GeV and || € [0.1,0.8]. The shaded band indicates the nominal mass range used
for efficiency extraction. (a) Including all reconstructed probes that pass the very loose likelihood
identification. The J/1 meson peak around 3.1 GeV is clearly visible. (b) Including all reconstructed
probes that fail the very loose likelihood identification. There is only a small signal component in a large
background. Due to poor momentum modelling and combinatorial effects, the observed J/¢ meson
peak is shifted to about 3.3 GeV. The 1(2S) component is so small that it is barely visible in the figure.

After background subtraction, the efficiency is extracted in the range m.+.- €
[2.7,3.4] GeV. To improve the modelling of signal and background in the selection that enters
the denominator of the efficiency, the selection of these probes is split into two orthogonal
selections: into probes that fail or pass a very loose likelihood identification which is looser than
the usual loose criterion. Hence, those probes that fail it only contribute to the denominator
of the efficiency. An example of the m+.- distribution for each of these selections, along
with the various fitted signal and background contributions, is shown in figure 4. Example
Mg+~ distributions with probes passing the various likelihood identification working points
are shown in figure 5.

The following variations are performed to establish systematic uncertainties of the low-pr
efficiency measurement:

o Changing the mass window for efficiency extraction to mg+.- € [2.8,3.3] GeV.
¢ Raising the upper limit of the pseudo-proper lifetime to tg < 0.4 ps.

« Adding an isolation criterion on the probe: p$™¢®/pr < 0.02, p$?Y /pp < 0.15, or
E%Onem < 0.2. This helps to vary the amount of non-prompt J/1 background without
impacting the efficiency of the prompt J/1 sample significantly as tested on simulation.
Applying the isolation to the probe gives a larger variation than applying it on the tag.

¢ Adding an isolation criterion on both the tag and the probe: pCT‘me20 /pr < 0.15.
e Changing the Chebyshev polynomial for opposite-charge background to second order.
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Figure 5. Examples of nominal signal and background fits to the m.+.- distribution used to
determine the efficiency numerators in the J/¢ — eTe™ measurement, using 2018 data and probes
with Et € [7,10] GeV and || € [0.1,0.8]. The shaded band indicates the nominal mass range used for
efficiency extraction. The probes passing Loose, Medium, Tight identification are included in (a), (b),
(c), respectively, yielding the amount of signal in the numerator of the corresponding efficiency. For
electrons candidates passing identification criteria, there is often not enough events to determine the
combinatorial background using the same charge region.
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Unlike for the methods using Z — eTe™ events, the systematic variations are not
combined by type. Instead, all variations for which the signal-region fit had a goodness of
fit of x? per number of degrees of freedom of less than 4 are included and their root mean
square distance from the nominal is taken to be the uncertainty. The reason for this different
treatment is that the J/v region suffers from much larger statistical fluctuations as well as
modelling issues and individual systematic variations can yield a quite different efficiency
value. Therefore this treatment can be understood as a regularisation procedure that reduces
the effect of outliers. Less than 5% of the systematic variations across all measurements
are discarded due to this requirement.

7.2 Z-mass method

The Z-mass method uses reference m, -+, distributions for signal and background, referred
to as templates, obtained respectively in Z — ete™ MC simulation and using control regions
in data. Previously, the background under the Z-boson peak was estimated by normalising a
background template in sidebands of the m +,.- distribution. A long-standing limitation of
this method was a tension between normalising the background in the low-mass compared to
the high-mass sideband, which was reflected in a large systematic uncertainty. The reason
for this tension was found to be the considerably different levels of signal contamination
in the low- and high-mass sidebands and a non-optimal method to describe and normalize
this signal contamination when creating the background template, biasing its shape. A new
iterative procedure was devised to reliably subtract the background and to reduce dependence
on the MC predictions. This yields a significantly more reliable efficiency measurement. The
following steps are performed as part of the Z-mass method:

e The background templates are defined using a background control region where the
probe electron is required to fail a relaxed version of the Loose likelihood identification
and to have a minimum amount of energy deposited close-by, £ /pp > 0.1.

e These background templates still contain signal contamination, which is subtracted in a
step called template cleaning. The template cleaning consists of fitting the background
template using a suitable polynomial for the background and a template for Z — eTe™
contamination obtained from MC simulation to extract the relative contributions of
the background and the contamination of the signal to the background template. The
scaled signal contamination is then subtracted to create a pure background template.

e The pure background template and the MC signal template are fitted to the data in the
signal region to extract the background normalization. Post-fit, the scaled background
template is then subtracted from the data. As a result of residual miscalibrations and
inaccuracies of the MC description of the Z line shape, a discrepancy between the data
and the MC simulation of a few percent can be observed.

o Therefore weighting factors are extracted to describe the signal invariant mass
distribution better in data. These weighting factors are obtained only for probes
passing the Tight identification and are calculated as the ratio of the background-

subtracted data to the signal MC prediction in bins of m . The Tight probes only

ete—
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have small background and therefore give a pure, unbiased signal shape with the greatest
confidence.

e The weighting factors are applied to all signal m,+.- distributions taken from the MC
simulation, independent of the requirements applied to the probe electrons, and for
both the background control region and the signal region.

o This procedure is iterated once more, starting from the template cleaning, the first step
in the procedure.

The systematic uncertainties of the Z-mass method are estimated by varying choices
in the method and taking the resulting efficiencies as systematic variations of the nominal
one. The variations are:

e The background control region is varied by changing the very loose likelihood
identification the candidate probes need to fail or alternatively the isolation requirement
is varied to B0 /pr > 0.07.

e The signal region fit is repeated using only m+.- ranges below or above the Z-boson
peak, respectively.

e In all fits, the fit uncertainty is applied to the normalisations of the templates as a
systematic variations.

o The tag electron isolation is tightened by adding the requirement ES"40 < 5 GeV.

e The efficiency is extracted by counting the background-subtracted data yields in the
Me+o— ranges [70,110] GeV and [80,100] GeV.

The systematic uncertainties evaluated as described above are summed in quadrature.

Examples of m,+.- distributions used as the sensitive variable to establish the amounts
of signal and background in the Z-mass method are shown in figure 6 for the case including
all reconstructed probes (as in the identification efficiency denominator) and including probes
passing the different identification working points (as in the numerator of the corresponding
efficiency). For simplicity, the figures include probes over the full used pseudorapidity range
|n| < 2.47, whereas the actual measurement is done in bins of 7.

7.3 Z-isolation method

The Z-isolation method relies on the amount of transverse energy in an isolation cone of
radius AR = XX/100 around the probe electron, EffoneXX, to distinguish between signal
and background. Background templates are defined in data in a background-enriched region
where the charges of the tag and probe candidate are required to have the same sign and the
probes must fail cuts on various identification variables. The requirements are designed to

coneXX
E T

be as uncorrelated with as possible so as to avoid bias. The signal contamination

is subtracted from the background templates using MC simulation.

,18,



107 = 107 =
> 10 E > 10 E
0] F ATLAS All probes 3 0] F ATLAS Loose probes ]
g L _ 1 with |n] < 2.47 ] g L _ q with |n] < 2.47 ]
5 | VE=13TeV.58 and Er € [20,25) GeV 5 | VE=13TeV.58 and E€[20,25) GeV
g 10° { Data = g 10° { Data =
Q F Signal + background 3 Q F Signal + background 3
1 C ik —— Background ] 1 C - —— Background ]
2 105 b 8 | 2 100 ] -
o TF E o TE 14 E
C ] L~ '. ]
10 E 104 L E
103 - 0% -
0% E 102 E
10! . . , 10 , . ,
100 150 200 250 100 150 200 250
Meg+e- [GeV] Meg+e- [GeV]
(a) (b)
7 7
> 10F 3 > 10F 3
0] F ATLAS M.edium probes B [0} F ATLAS Ti.ght probes B
= L _ q with |n] <2.47 ] = L _ q with |n] < 2.47 ]
@ 6 Vs=13TeV,58 fb and Er € [20, 25) GeV ® 6 Vs=13TeV,58 fb and Er € [20,25) GeV
= 108 { Data = s 10° 4 Data E
Q = Signal + background 7 Q = Signal + background 7
1 C - —— Background ] 1 C —— Background ]
+Q) 105 r — +® 105 .... —
o TE ¢ E o TE ] E
10 : 1 = 1w =
10°E E 10° E
E ‘." E E ..’0-. E
0% E 102 E
1 , . , 1 . . !
10 100 150 200 250 10 100 150 200 250
Me+e- [GeV] Me+e- [GeV]

Figure 6. Examples of nominal signal and background template fits to the m.+.- distribution in
the Z-mass method, using probes with Er € [20,25] GeV. The Z-boson peak around 91 GeV is
clearly visible. The shaded band indicates the nominal mass range used for efficiency extraction.
(a) Including all the reconstructed probes, yielding the amount of signal in the denominator of the
efficiency. Including probes passing the (b) Loose, (¢) Medium, (d) Tight identification, respectively,
yielding the amount of signal in the numerator of the corresponding efficiency.
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The exact selection of the background templates, one nominal and one systematic
variation, is done using the MC-simulated QCD sample by choosing template definitions
in each Ep-n bin that minimise the bias defined as

Ntemplate(poone30 < 7.5 GeV) NU(EF30 > 7.5 GeV)

bias = N template (E’%one?)o > 7.5 GGV) Nal](E’%one?)O <17.5 GGV)

-1/, (7.1)

where N(x) signifies a yield of MC-simulated background probes in the tag-and-probe
region with requirement * applied to the probe, and the superscripts “all” and “template”
indicate that either all MC-simulated background probes are used, or only those passing
the template selection, respectively. The bias variable quantifies how well the background
template reproduces the true (MC-simulated) ratio of the background in the E$*"¢3Y high
tails and at low E%One?’o.

In most Er-n bins, the chosen templates contain less than 5% signal contamination.
However, for |n| > 1.81, Ep > 25 GeV this increases to about 25%. There are two different
template definitions that are used depending mostly on the probe electron Er.

The efficiency is extracted by considering the yields in the Z-boson peak region with
probe isolation E%One% < 12.5 GeV. The background is estimated by normalising the
background template in the region E%One:m > 12.5 GeV, where the signal contamination has
been subtracted using MC simulation.

Figure 7 shows examples of the distribution of the probe isolation variable E%One?’o in
data along with the signal and background predictions. It can be seen that signal electrons
are more isolated than the background and that the two contributions together describe
the observed isolation distributions reasonably well, when considering that there are some
modelling problems in the MC simulation.

The following variations are performed to estimate systematic uncertainties of the
Z-isolation method:

o Using an alternative background template chosen based on the bias defined in eq. (7.1).
It is the same for the whole kinematic phase space and effectively is the second-least
biased template found.

e Scaling the normalisation of signal contamination subtracted from the background
(both the template and the tail region where it is normalised) by an estimated +30%
to conservatively account for modelling uncertainties.

o Using E°"¢%0 to define the background normalisation and signal regions (instead of
ErcfoneSO)'

e Varying the ngone30 boundary defining the background normalisation and signal regions
to 10 GeV and 15 GeV.

e An additional tag electron isolation E%One?)o < 7.5 GeV is applied.

e The efficiency is extracted by counting the background-subtracted data yields in the

Me+o— ranges [70,110] GeV and [80,100] GeV.

ete
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Figure 7. Examples of the probe E$°"3Y isolation variable distribution with the corresponding
signal and background, using probes with n € [0.1,0.6] and Er € [15,20] GeV. The nominal mass
requirement m.+.- € [75,105] GeV is already applied. The background template is normalised in the
tail E5°r30 > 12.5 GeV. The shaded area, ES"30 < 12.5 GeV, shows the nominal region used for
efficiency extraction. (a) Including all the reconstructed probes, yielding the amount of signal in the
denominator of the efficiency. (b) Including probes passing Tight identification, yielding the amount
of signal in the numerator of the corresponding efficiency.

The systematic variations are combined in the same way as in the Z-mass method, i.e.,
each of them is interpreted as one symmetric systematic uncertainty. In the case where the
systematic uncertainty is evaluated by varying a parameter up and down, the uncertainty is
symmetrised and the largest variation is used as a systematic source.

7.4 Combination

To calculate the final results for the identification efficiency, the correction factors obtained
with the Z methods are combined by averaging them weighted by their uncertainties in each
FE1-n bin independently but taking into account their correlations following the procedure
in ref. [53]. During the combination, those uncertainties that stem from the modelling of
the backgrounds are treated as uncorrelated since they are specific to each of the two Z
methods. However, the uncertainty related to the signal definition, estimated by varying the
M+~ window and the uncertainty from varying the amount of background by tightening
the isolation requirements on the tag electron are treated as fully correlated. In addition,
statistical uncertainties are treated as fully correlated for the signal events between the two
methods whilst background events are considered to be uncorrelated. The improvements
to the Z-mass and Z-isolation methods have both shrunk the systematic uncertainties in
each method and significantly improved the agreement between the two methods, which was
previously driving their combined uncertainty. Whilst there were differences of up to 2%
between the methods, this has now been reduced to less than 0.5% on average.
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In a final step, the Z correction factors are combined with those obtained using the J/v
resonance in the overlapping ET range, [15,20] GeV. This combination uses a x? minimization
with a profiling of the systematic uncertainties following the method reported in ref. [54].
Thanks to the reported improvements, the uncertainties on the combined corrections factors
have been halved compared with previous measurements [14].

7.5 Results

The measured identification efficiencies for the various working points are shown in figure 8(a)
as a function of Er and in figure 8(b) as a function of 7. In each case, the respective other
variable is integrated over. The ratio of efficiencies in data and MC simulation is close to
unity, typically within 5%. Except for pr < 15 GeV, the efficiencies are slightly lower in
data than in simulation. Looser identification criteria show a better agreement between
data and MC simulation. The efficiencies generally decrease for lower transverse momenta.'*
The efficiencies measured as function of pseudo-rapidity are found to be mostly symmetric
between the negative and positive ranges of 7, especially when considering uncertainties.

In figure 9, the individual measurement methods in their respective range of applicability
and the combination are shown. The Medium identification efficiencies are shown for electrons
in simulated Z — eTe™ events with the corrections factors applied such that they reflect
the data efficiencies. They give a general idea of the performance in various kinematic
domains that are of interest in ATLAS analysis even if they are based on the Z — ete™
topology and do not necessarily reflect the efficiencies of other processes. The comparison
of the relative uncertainties of the individual methods to the results of the combination
illustrate the impressive improvements in the energy range above 15 GeV where the systematic
uncertainties dominate over the statistical uncertainties.

Figure 10 shows comparisons of the new combined Tight identification efficiencies to
the previous ATLAS measurement using data from the years 2015-2017 [14]. The new
measurement is in good agreement with the previous one. When evaluated by integrating over
the electron kinematics in simulated Z — eTe™ events, the efficiency uncertainty has decreased
by almost one third for the Loose working point and by more than half for the Medium and
Tight working points. The uncertainty decrease is quite independent of 1, small for low pp
(< 15 GeV) and high pp (> 80 GeV), and large for the pp range between these extremes.

Figure 11 depicts the uncertainties on the data-to-MC correction factor for the Medium
identification efficiencies as a function of the transverse energy of the electron for the main
pp run periods at the LHC, namely Run 1 data taking at collision energies of /s =7 TeV
(2011) and /s = 8 TeV (2012) as well as Run 2 data taking at /s = 13 TeV (2015-2018).
The experiment has been able to tune the definition of the Medium identification to reach
target efficiencies of about 80 % for each of the data-taking periods despite the significant
increase in pile-up for the 13 TeV data. Despite the increased backgrounds, the uncertainties
on the data/MC correction factors have been reduced for most of the energy range except for
E1 < 40 GeV, where the low pile-up environment of the 2011 data-taking period had allowed

MFor the Loose identification criterion, an updated version of the likelihood was created using more
appropriate shower-shapes in the tuning process that has a better efficiency specifically in the pr range of
1520 GeV, and it is used for H — 4/ analyses [55], but is not shown here.
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Figure 8. Identification efficiencies of electrons from Z — eTe™ decays as a function of the electron’s
(a) transverse momentum and (b) pseudorapidity for the different identification working points. The
top panels show the efficiencies obtained in data and simulation with their statistical and total
uncertainties displayed as inner and outer error bars. The middle panels show their ratio that is
applied as correction factor in analyses. The bottom panels show the relative statistical and total
uncertainties in the data/MC ratio.

to employ the W-boson resonance for efficiency determination in addition to the methods used
in 2015-2018 [56]. The comparison is made between the respective correction factors used in
high precision analyses, which are applicable only down to transverse energies of 20 GeV.

8 Background rejection

Section 6 and 7 introduced the measurement of the prompt electron efficiencies and the MC
to data correction factors. Of equal interest is the knowledge of the background rejection and
of how well the rejection is modelled in the MC simulation. Whilst this is not immediately
applicable in physics analyses, it is important for their design. The signature of a cluster with
a matched track can be caused by a variety of particles other than electrons, and the fact
that electrons and jets are reconstructed independently of each other causes prompt electron
candidates to be reconstructed as jets and vice versa. The knowledge of the general rates
of jet production combined with rejection rates can therefore give indications of expected
backgrounds. In the following, rejection rates of the reconstruction are studied in data
by determining how many jets are also reconstructed as electrons. Rejection rates of the
identification with respect to the reconstruction can only be studied using MC simulation
because of the large rejection rates leading to large amounts of prompt electrons in any

data samples.
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Figure 9. Data electron identification efficiencies using the J/1¢ and Z resonance are shown as a
function of the electron’s transverse energy. They are obtained by applying correction factors to the
electrons from Z — eTe™ events before the integration over 1 and therefore reflect the underlying
kinematics of Z — eTe™ events. The Medium identification working point is shown for the breakdown
of individual measurements that enter the combination as well as the results of the combination. The
middle panel contains the ratio of the measured to the MC-simulated efficiencies. The bottom panel
gives the relative uncertainties with the horizontal dotted lines indicating uncertainties of 0.1, 0.5, 1,
5 and 10%.

8.1 Measurement of the background rejection of the electron reconstruction in
data

The background rejection of the electron reconstruction is measured using the production of Z
bosons in association with jets. Jets are reconstructed using the anti-k; algorithm with a radius
parameter of R = 0.4 and topological clusters as input [20, 48]. Jets originating from pile-up
are rejected using an algorithm based on the fraction of tracks originating from the primary
vertex [57] or outside the ID coverage based on missing transverse momentum [58]. Jets
are calibrated as reported in ref. [59]. Events are selected requiring at least two oppositely
charged electrons passing the medium identification criteria and isolated from hadronic
activity measured using tracks, choneQO /pr < 0.15. The invariant mass of the dielectron
system is required to lie between 81.18 GeV < m,+.,- < 101.18 GeV and the pair closest
to the Z-boson mass is taken to consist of prompt electrons, whilst all other reconstructed
electron candidates in the event are assumed to be backgrounds misreconstructed as electron
candidates. These electron candidates are required to be reconstructed and satisfy the general
quality requirements described in section 6. Jets closer than AR = 0.4 to the electrons
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Figure 10. Comparison of the new combined Tight identification efficiencies to the previous
ATLAS measurement using data from the years 2015-2017 [14] as a function of the electron’s (a)
transverse energy and (b) pseudorapidity. The middle panels contain the ratio of the measured to
the MC-simulated efficiencies. The bottom panels give the relative uncertainty of the combination of
measurements.
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of Z — ete™ events at 13 TeV, as a function of the electron’s transverse energy. The Medium
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forming the pair closest to the Z mass are removed. Only those electrons reconstructed
in the central region having |n| < 2.47 and E1 > 30 GeV are considered for the rejection
measurement. MC studies suggest that electroweak processes with a Z boson and additional
prompt isolated electrons contribute less than 0.5% to the selected events and therefore no
attempt was made to subtract prompt isolated electrons. For the study, only the 2017 pp
data using 44 fb~! with a mean number of interactions per bunch crossing of 37.8 is used.
The pile-up in this data sample is slightly larger than in the other years of data taking,
but given its relatively small contribution to background electrons of 5-10 %, can still be
taken as representative of the other years.

The selected jets and the electron candidates have very different energy scales, as depicted
in figure 12. Here the relative difference between jet and associated fake electron, normalised

et o
to the jet pr, P ij;p L is shown for all fake electrons with a transverse energy above 4 GeV

and for those Witrlil Er > 18 GeV. In most cases, an electron candidate reconstructed from
a jet has only about 10% of the pr of its jets. The large difference in the pr distributions
between jets and their associated reconstructed background electrons explains the breadth of
the energy difference distribution. Figure 12(a) is dominated by very low Er electrons as
without further restrictions any jet with an electromagnetic energy component of more than
4 GeV is likely to be reconstructed as an electron. Once a suitable energy requirement of
Er > 18 GeV is applied to suppress backgrounds (figure 12(b)), the peak of the distribution

jet _ e
shifts to lower values of prijT, indicating that the reconstructed electrons on average have

an Et1 more similar to thg jet pr.

The efficiency to reconstruct an electron from a genuine jet is measured as %ﬁis where
Nelectron 18 the number of reconstructed electron candidates and nay jets is the number of all
jets. The rejection is measured as function of the pr of its associated jet and is shown in
figure 13 where again all fake electrons (Er > 4 GeV) and those with Ep > 18 GeV are
studied separately. In addition to the jet pr an approximation of the electron Et is given
below the z-axis, calculated as (1 — 0.88) and (1 — 0.68) times the jet pp using the most
probable values in the distributions in figure 12. The reconstruction efficiency of background
electron candidates with Ep > 4 GeV rises very quickly and reaches about 60% to reconstruct
a 12 GeV electron from a 100 GeV jet. For background electron candidates with Et > 18 GeV
the efficiency ranges from 0.05x1073 at a jet p of 30 GeV to 0.03 at a p]{ft of 50 GeV and
steeply rises to almost 0.5 in data above 100 GeV for both jets and electrons.

There is some tension between the measured and predicted efficiencies for low-pr electrons
(figure 13(a)). However, when considering electrons with pp above 18 GeV (figure 13(b)),
the measured efficiencies agree within the systematic uncertainties of the jet calibration
with the predictions from the MC simulation except at the highest energy scales where the
prediction overshoots the data and the data efficiency drops slightly due to problems in the
track-to-cluster matching in the dense environments of these highly boosted jets.

8.2 Expected background rejection of the electron identification requirements

The Loose, Medium and Tight identification requirements introduced in section 3.2 are
designed to deliver fixed signal selection efficiencies for prompt electrons on top of the
reconstruction. For prompt electrons, the background can be classified in three main categories,
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Figure 12. The energies of the jet and its associated electron are compared using their pr difference

jet _ e
divided by the jet pr, 2 ijetE L. The data is shown as markers whereas the MC prediction is shown

as a histogram. The greyTarea indicates the systematic uncertainties of the jet energy calibration.
Only additional reconstructed electron candidates in Z-boson events are included. The electron pair
forming the Z boson as well as their associated jets were removed if closer than AR < 0.4. Jets are
required to have p{ft > 30 GeV. (a) shows the comparison for all additional reconstructed electrons
with |n] < 2.47 and ES. > 4 GeV, whilst (b) shows the same comparison for reconstructed electrons
with |n| < 2.47 and E$ > 18 GeV.

namely non-isolated electrons from heavy-flavour (HF') decays, background electrons from
photon conversions and Dalitz decays, and light-flavour hadrons (LF). Additionally, electrons
coming from pile-up can be identified, comprised of both prompt and non-prompt electrons as
well as hadrons. Using MC simulation collision samples of inclusive 2 — 2 QCD production,
which includes top-quark pair and weak vector-boson production at leading order (in the
following referred to as inclusive QCD production), filtered at particle level to mimic a
first-level EM trigger requirement, these three background categories can be investigated. The
distinction between the different sources of signal background is obtained using truth-level
information from the MC simulation employing a matching of the reconstructed track hits to
energy deposits left by truth-level particles on their way through the detector.

Figure 14 shows the fraction of the different categories to the total background as a
function of Er, |n| and number of primary vertices. Only reconstructed electrons in the
central region of the ATLAS detector (|n| < 2.47) with Ep > 17 GeV are considered. The
total background is dominated by the LF hadrons when considering reconstructed electrons.
Electrons from photon conversions represent the second most abundant background, while HF
decays constitute less than 1% of the total background and pile-up background contributes
about 5 % on average but with a stronger dependence on the number of reconstructed
primary vertices. The composition of the different sources across the Er spectrum differs
only slightly with less HF electron candidates at high Et. Photon conversions increase with
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Figure 13. The efficiencies to reconstruct an electron from a jet are shown as function of the jet
transverse momentum. The data is shown as markers whereas the MC prediction is shown as a
histogram. The grey area indicates the systematic uncertainties of the jet energy calibration. Only
additional reconstructed electron candidates in Z-boson events are included. The electron pair forming
the Z boson as well as their associated jets were removed if closer than AR < 0.4. Jets are required
to have pis® > 30 GeV. (a) shows the efficiency for all reconstructed electrons with |n| < 2.47 and
ES > 4 GeV, whilst (b) shows the same comparison for reconstructed electrons with |n| < 2.47 and
EY > 18 GeV. Additionally, an approximate electron energy is shown on the horizontal axis that is
obtained by scaling the jet transverse momentum according to the most probable value of the relative
energy difference as shown in figure 12. Due to this approximation, in (b) efficiencies are shown also
for bins with an approximate Ef < 18 GeV. These are populated by electrons carrying a larger than
average fraction of the jet energy.

higher values of |n| due to the increased material photons traverse and accordingly the higher
probability for conversions. As the material distribution of the detector as implemented in
the simulation is symmetric around 1 = 0, the fraction of photon conversions is perfectly
symmetric for positive and negative pseudo-rapidity.

Table 1 details the background rejections in MC simulations for the different categories
of backgrounds and their fractions as determined for inclusive QCD production. These
numbers are not directly comparable with those published in ref. [12] as the reconstruction
algorithms and the identification requirements have changed since the 2012 data taking at
/s =8 TeV. The rejections obtained in Run 2 are worse by a factor of about 1.5 due to the
increased pile-up, which makes the calorimetric shower shapes more similar between signal and
background, decreasing the achievable rejection at a fixed signal efficiency. The composition
of the background is relatively even in Run 2 for the different identification requirements and
background categories with about one third consisting of HF background, one half consisting
of light flavour backgrounds and the rest made up from background electrons. However,
the amount of heavy flavour, light flavour or electron backgrounds depends heavily on the
production processes considered and is therefore reflective of the inclusive 2—2 QCD sample
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Figure 14. For the selected sample of reconstructed background electrons, the fraction of four
background categories relative to the total background is shown as a function of Er, |n| and the
number of primary vertices in a MC simulation sample of inclusive QCD production. Only statistical
uncertainties are shown.

at the higher centre-of-mass energy. It will differ significantly for different event selections
(e.g. requiring b-tagged jets in the event) and the predominant background processes involved.

The efficiencies to select a light flavour jet or a background electron as a prompt lepton
using the Tight identification are less than 1% whereas about 20% of heavy flavour decays
are identified as prompt leptons. The stark difference between heavy flavour and light flavour
efficiencies motivates studies to target the different background categories using specific
identification selections in future. Figure 15 shows the identification efficiency of signal
electrons as determined in MC simulation versus the background rejection.

9 Electron isolation

9.1 Improved pile-up subtraction for the calorimeter isolation

As described in section 3.2, the calorimeter isolation is calculated from energy deposits in
the calorimeter cells, Eif‘?rlaw, and corrected by removing the energy of the electron or photon
candidate and contributions from pile-up and underlying event. The explicit calculation

for the calorimeter isolation reads as:

E’%oneXX = solXX _ ET,core - ET,leakage(ET7 n, XX) - ET,pile-up(na XX)7 (91)

T, raw
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Figure 15. The identification efficiency of signal electrons as determined in MC simulation are shown
as a function of the background rejection, defined as the ratio of the number of all reconstructed fake
electrons to those passing identification criteria. All three identification criteria, Loose, Medium and
Tight, are shown for each of the background electron categories as well as for inclusive QCD production.

20 GeV < Et1 < 50 GeV
Selection | MC efficiency [%)] | MC efficiency [%) Background MC efficiency [%)]
Z — ete signal Background composition [%] for background categories
HF | bkge | LF HF bkg e LF
Loose 93.03 £0.01 1.401 £ 0.008 22.1| 29.6 | 48.3 | 35.7£0.5 | 3.43£0.04 | 0.776 £ 0.007
Medium 87.41 £ 0.01 0.748 £ 0.006 32.3 | 15.0 | 52.6 | 28.8+0.4 | 0.93 £0.02 | 0.450 £ 0.005
Tight 78.59 £ 0.01 0.455 £ 0.005 39.1 | 16.2 | 44.7 | 20.5+£0.4 | 0.61 £0.02 | 0.232 £ 0.004

Table 1. Background efficiency of different identification selections for inclusive QCD production.
The electron candidates are required to have transverse energies between 20 GeV and 50 GeV and
electrons from W- and Z-boson decays are removed at particle level. The composition of the sample
is categorized according to MC simulation information: non-isolated electrons from heavy-flavour
decays, background electrons from photon conversions and Dalitz decays, and light-flavour hadrons.
The sample of reconstructed background electrons consists of 0.9% HF, 12.1% photon conversions and
Dalitz decays (denoted by bkg e) and 87.1% LF. The background identification efficiency for each
category is quoted. For completeness, the identification efficiency for prompt leptons from Z — ete™
decays, measured from MC simulation, is also given. The uncertainties are statistical only.

where XX is the size of the employed isolation cone. Et core is the energy of the EM calorimeter
cells contained in a An x A¢ =5 x 7 (in EM-middle-layer cell units) rectangular cluster
around the barycentre of the EM cluster and is a measure of the energy of the electron or
photon candidate. The advantage of this definition is its robustness in the presence of pile-up.
The disadvantage is that it does not subtract all the electron energy and an additional leakage
correction, ET jeakage, 1S needed. This leakage is parameterised as a function of Et and |n| of
the electron or photon candidate using MC simulation samples of single electrons and single
photons without pile-up. Additionally, a correction for the pile-up and underlying-event
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contribution to the isolation cone, Et pieup, is estimated in situ event per event, based on the
ambient energy density [60], and optimized using a Z — e*e™ data sample as described below.

The Et pileup term in equation (9.1) is measured using an improved methodology
compared to refs. [12-14]. Here, ET pile-yp is constructed as the median pile-up energy

median

density, p , multiplied by the area delimited by the isolation cone of AR. The core

area of the 5 x 7 cluster (see section 3) is subtracted such that Er ,jeyp represents the

median jo 1 easured

median energy deposited by pile-up in the isolation cone. The value of p
event-by-event following ref. [60]. For each event, the k; jet-clustering algorithm [49, 61] with
radius parameter R = 0.5 is used to construct jets from the topological clusters. Furthermore,
the jet transverse momentum (p]Tet) and the jet area (A4°") are used to compute the energy
density of each jet (p/°* = p];t JAJY) that is then used to calculate the median energy density
predian from the jets of that event.

The p™edian yalue should change monotonically as a function of rapidity; however, detector
effects introduce non-monotonic dependences. With increasing |n| the granularity of the
detector becomes coarser and calorimeter cells become larger, thus noise thresholds are
set to higher values and therefore soft energy depositions from pile-up are less likely to

median

form topological clusters [20]. As a consequence, p must be determined as a function

median

of . In the past, p was measured only in two pseudorapidity regions, |n| < 1.5 and
1.5 < |n] < 3.0 [14] (in the following denoted by “2-region” approach), which fails to reproduce
the smooth dependency of the average pile-up density as a function of 1. For the results

presented here, this procedure has been updated. The modulation f;, of the median energy

median
central

The value of p

density relative to a reference value p in a small |n|-range is used in combination with the

median
central

ian

o is measured in the region |n| < 1.5 where

event-by-event value of p{,gfl‘%
pile-up density can be reliably determined per event, whereas measurements of densities in

smaller areas require averaging over a large number of events. Measuring the modulation f;, of

median

el therefore allows to introduce

the median energy density relative to a central reference p
a smooth variation of the pile-up density as a function of n without suffering from the large

median

fluctuations that occur when p is determined for small || ranges event-by-event.

The transverse pile-up energy is then calculated as:
Bt piteup = Peeral X 2 Anfy = peeniral % C(n), (9.2)
7

median

where the f, denote the energy densities relative to pgartia

in a specific n-range and the A,

denotes the area contributing in that bin with the core area of the 5 x 7 EM cluster removed.

median

enira] calculated

The relative modulation ¢, is the total sum of the energy density relative to p
for a specific area, e.g. an isolation cone of E%One%, around an axis defined by a given 7.
The f, are determined in Z — e*e™ data events by simultaneously fitting the median
isolation energy in two isolation rings, E%One?’o — E%OHGQO and E%One‘m — E%One?’o, as a function of
7 and pgé%%;z? The areas of the isolation rings defined by 0.2 < AR < 0.3 and 0.3 < AR < 0.4
have the advantage of being less sensitive to the energy of the electron leaking into the isolation
area; therefore on average the isolation energy is dominated by pile-up. Only electrons with
40 GeV < Et1 < 45 GeV are used and backgrounds are negligible. This is referred as the

“smooth correction” in the following. Figure 16(a) shows this median isolation energy in

median

the two isolation rings as measured in data as a function of po¢ ]

in one central n-region
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Figure 16. (a) Median of the isolation distribution without pile-up subtraction as a function of the
central (|n] < 1.5) energy density, for two isolation rings around the electron, in the 0.81 < |n| < 0.86
region. The data points are compared with the improved smooth pile-up subtraction values (solid line),
and to the 2-region correction (dashed line), respectively. (b) Fit parameters f, and resulting ¢, for
E5one20 and E5°7°40 versus |n|. The statistical uncertainty of the fit parameters fn and the propagated
uncertainties on ((7,.) are shown. The results are obtained from a Z — eTe™ data sample. The range

where the reference value of pmediall is measured on an event-by-event basis is also shown as dashed line.

(0.81 < |n| < 0.86). The data measurement is compared with the estimate obtained with
the previously used 2-region correction and the new method using the smooth correction.
Whilst the former overestimates the data measurement, the latter agrees very well. This
is also visible in figure 16(b) where the modulation relative to plediall are shown for f, as
data points. Additionally, the calculated relative median isolation energy for two specific

cone sizes, CﬁoneQO

and C,Cione‘m, are shown as a function of 7. It is also notable that the
extracted relative median isolation energies are smaller than one. This indicates that the
energy density of ki-jets is not an optimal proxy for the energy density in the fixed sized
cones used for the isolation variables, also because k; -jets are usually clustered around a
collimated energy deposit whereas the isolation cones around electromagnetic objects are
meant to collect diffuse energy deposits. The |n|-dependence of the energy from pile-up that

is measured as relative modulation is clearly visible.

The performance of the various improvements discussed in this section is illustrated
in figure 17, which shows a comparison between the selection efficiencies achievable using
the previous method with that of the improved pile-up subtraction method. To help the
comparison, the selections on the isolation are chosen such that similar efficiencies in the
|n] < 0.6 region are achieved. The results are obtained from a Z — eTe™ data sample with
the method described in section 5, using probe electrons with Er > 25 GeV passing the
Tight identification selection. As these efficiencies are only for comparison purposes, no
background subtraction is performed. It can be seen that the efficiency corresponding to
the improved smooth pile-up subtraction method is more stable versus 7 in the |n| > 1.2
region. When compared with E%One‘m, a smaller impact is observed for E$°"¢20 because of the
smaller cone size used to define this calorimeter isolation variable. The improvement leads
to better calorimetric isolation at high |n| of a few percentage points.
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Figure 17. (a) Efficiency comparison for two calorimeter isolation selection criteria defined with
ESoe20 llustrating the impact of using the 2-region and the improved smooth pile-up corrections
discussed in the text. To better see the improvement, the isolation selection criterion defined with the
2-region pile-up correction is chosen such that it has a similar efficiency in the || < 0.6 region. (b) A
similar comparison performed for two calorimeter isolation selection criteria defined with E$°n¢49. The
results are obtained from a Z — ete™ data sample. The efficiencies are computed with the method
described in section 5, using probe electrons with Ep > 25 GeV passing the Tight identification
selection. As these efficiencies are only for comparison purposes, no background subtraction is
performed. Ouly the (very small) statistical uncertainties are shown.

Selection criteria Calorimeter isolation Track isolation
HighPtCaloOnly Eme20 < max(0.015 X pr, 3.5 GeV) —

TightTrackOnly VarRad — preone /pp < 0.06
TightTrackOnly FixedRad — yarcone30 /1 < (0.06 for Er < 50 GeV

D
2

pene20 /pp < 0.06 for Ep > 50 GeV
pr

D

Tight_ VarRad E$me20 /pr < 0.06 yarcone30 /1 < (.06
Loose_ VarRad E501e20 /pp < 0.20 yareones0 /pp < 0.15

Table 2. Definition of the electron isolation selection criteria. All working points use a cone size
of AR = 0.2 for calorimeter isolation, and ARp.x = 0.3 or 0.2 for track isolation. p¥reore30 yses a
variable cone size and is defined in equation (3.1).

9.2 Electron isolation criteria and efficiency measurements

The implementation of isolation criteria is specific to the physics analysis needs, and is
a compromise between a highly efficient identification of prompt electrons, isolated or
produced in a busy environment, and a good rejection of backgrounds. The different electron
isolation selection criteria used in ATLAS are presented in table 2, and are defined with fixed
requirements on the calorimeter or the track isolation variables. To increase the rejection
of hadronic activity, the TightTrackOnly FixedRad selection criterion use p%arcone% for
Er < 50 GeV and p§™? for Etr > 50 GeV.

Figure 18 shows the electron isolation efficiency measured in data recorded in 2018, and
the corresponding data-to-MC simulation ratios as a function of the electron Er and 7, and of
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Figure 18. Efficiency of the different isolation working points for electrons from inclusive 2018 data
Z — eTe™ events as a function of the (a) electron Et, (b) electron 5 and (c) the average number
of interactions per bunch crossing (u). The electrons are required to fulfil the Medium selection
from the likelihood-based electron identification. The lower panel shows the ratio of the efficiencies
measured in data and in MC simulations. The total uncertainties are shown, including the statistical
and systematic components.

the average number of pile-up interactions (u) for the isolation selection criteria summarized
in table 2. These results are obtained using a sample enriched in Z — e*e™ events recorded
in 2018, where the probe electrons satisfy the Medium identification selection. Separate
measurements were performed also using the Loose and Tight identification selections. The
method used to compute the electron isolation efficiency and the associated uncertainties is
described in section 7.2. The Tight VarRad selection criterion gives the highest background
rejection below 60 GeV and the most significant difference in shape in 1. The HighPtCaloOnly
isolation working point gives the highest rejection in the high- Ep region (Et > 100 GeV).
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The behaviour at high E1 for HighPtCaloOnly is expected, as the definition of this working
point changes around 233 GeV in electron Et (the cut-value for £S5 is changed from
0.015 x pr to 3.5 GeV). The efficiencies are symmetric for positive and negative values of
the pseudo-rapidity for all of the considered isolation working points.

The track isolation variables are largely independent of pile-up, due to the rejection of
tracks originating from pile-up vertices or with large transverse impact parameters relative
to the primary vertex. This is not the case for the calorimeter isolation [14], as shown in
figure 18(c). The Tight_ VarRad selection criterion give the highest pile-up dependency, the
isolation efficiency decreasing from 91% at low (u) to 82% when (u) is around 60.

The overall differences between data and MC simulation are less than 5%-7% depending
on the working point, with the largest difference observed for HighPtCaloOnly isolation
criterion. For electrons with Er higher than 500 GeV no measurement can be performed
because of the limited number of data events, and the results from the [350, 500] GeV bin are
linearly extrapolated up to 2 TeV with uncertainties up to 40%, depending on the isolation
selection criteria. Overall, the extrapolation uncertainty is dominated by the propagation
of the statistical uncertainty in the highest Epr measurements.

The efficiency correction factors obtained for the MC simulation are smoothed versus
Er, using the SMART smoothing algorithm through ROOT [62, 63], taking into account the
statistical uncertainties on the corrections. The statistical uncertainties on the smoothed
correction values are estimated with pseudo-data, applying the same smoothing procedure
to multiple pseudo-data instances, and computing the root-mean-square of the smoothed
pseudo-data values. The total uncertainties on the correction factors range from 5% to less
than 0.1% in the E7 range from 10 to 200 GeV.

10 Photon identification

Photon identification efficiencies are measured separately for converted and unconverted
photons in 68 bins of photon Et and 5. For both the converted and unconverted photons
the same binning is used with edges at Ep = {10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 80, 100,
125, 150, 175, 250, 350, oo} GeV and |n| = {0, 0.6, 1.37, 1.52, 1.81, 2.37}. No measurements
are carried out for the bin defined by |n| = {1.37,1.52} as it coincides with the transition
region of the ATLAS calorimeter and is not used in analyses using photons.

Photon identification efficiency measurements are carried out using three different methods
that are detailed in ref. [22] and that are combined to yield correction factors for analyses.
In all cases, photons are required to satisfy the Loose isolation criterion defined in ref. [14]
and therefore, in contrast to the presented electron efficiencies, the photon efficiencies are
measured relative to this isolation criterion.

For the first method, probe photons from a sample of radiative Z — #f~ decays are
used, collected as described in section 4 and selected by requiring an invariant mass of
the three-body system, 80 GeV < my, < 100 GeV, and of the lepton-pair invariant mass,
40 GeV < myp < 83 GeV. Backgrounds and signal events are determined using a MC-based
template fit to the observed three-body invariant-mass distribution. The main uncertainty
in this method comes from the low statistics especially at high photon E7 bins, which is
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the main weakness of the method. The dominant systematic uncertainty comes from the
MC generator modelling uncertainty.

A matrix method [22] is used on the second data sample consisting of inclusive photons
passing the Loose identification criterion employed in the trigger as described in section 4.
This sample is dominated by a background from hadronic jets that must be accounted for.
This is achieved using a matrix method that constructs four regions made up of photon
candidates that either pass or fail the Tight identification, and pass or fail track-based
isolation cuts. For each region, the numbers of signal and background events are unknown.
However, since the isolation efficiencies for signal and background from each region are
known, the efficiency for photons passing the Loose identification criteria to also satisfy the
Tight identification can be extracted. The isolation efficiencies for signal and background
are extracted from MC simulation and a jet-enriched control sample selected by inverting
identification criteria respectively. This method is only capable of determining the efficiency
for Loose photon candidates to pass the Tight selection. Therefore it is further multiplied
with the efficiency of reconstructed photon candidates to satisfy the Loose identification as
determined from simulation. This correction is however typically less than 5%, and even
smaller at high E1 where the matrix method has the most impact in the combination of
the three measurements. The dominant systematic uncertainty comes from the method’s
non-closure related to the imperfect assumption that isolation and identification efficiencies
employed in the method are perfectly independent of each other.

The third method is called “electron extrapolation” and uses the electrons from Z — ete™
decays employing the same data sample as in the electron efficiency measurements. In
the selection, loose photon isolation requirements are applied additionally to the electron
candidates. Then, the electron shower shape variables are modified by applying Smirnov
transformations to resemble those of photons based on information from simulated Z — ete™
events and the inclusive-photon production sample. After the shower shapes have been
modified, the efficiencies are measured using a similar method as for electrons (described in
section 5), using the invariant mass distribution of the electron pair to distinguish signal
and backgrounds. The method closure uncertainty is the dominant uncertainty at low Er
in most of 1 regions with uncertainties up to 20%. It comes from the method’s non-closure
connected to ignorance of possible correlations between the different shower shapes during the
transformation procedure. However, it decreases as a function of Ep and for Er > 100 GeV
other sources of uncertainty become important such as limited MC statistics, and variations
of the applied Smirnov transformations.

The measurement done using radiative Z-boson decays and the one where the matrix
method is applied to an inclusive sample of photons were performed using the full Run 2
data, whilst the measurement using electron extrapolation uses the 2015-2017 data with an
integrated luminosity of 81 fb~!. Further details of the measurements and of the determination
of systematic uncertainties can be found in ref. [14].

Figures 19 and 20 show the results of the three efficiency measurements for unconverted
and converted photons, respectively, as a function of pr in the four different regions of |n|.
The upper panels of the figures only show the data efficiencies, whilst the lower panels display
the ratio of the efficiencies determined from data and those observed in MC simulation. Before

— 36 —



determining the efficiencies in the MC simulation, the photon shower shapes were corrected
to better match the data as described in ref. [22]. Similarly, in analyses, first the photon
shower shapes are corrected and then the data-to-MC simulation ratio is applied to account
for residual differences between the identification selection efficiencies. For this purpose,
the data-to-MC simulation ratios from the three measurement methods described above are
combined using a weighted average in each E1—n bin, assuming the statistical and systematic
uncertainties to be uncorrelated among the methods. For the statistical uncertainties, this is
an approximation, but one that largely holds: the electron extrapolation uses an independent
data sample, whilst there is some overlap between the sample of radiative Z-boson decays
used and the inclusive sample of photons, which contains the former. However most of the
events in the inclusive photon sample stem from photon+jet production.

The result of the combination of the efficiency ratios is also shown in the lower panels of
figures 19 and 20. The total uncertainty of the combined ratio ranges between 5% at low Er
and about 0.4% at high E7 for unconverted photons, and between 7% (low Et) and about
0.7% (high E7) for converted photons. The over-all improvement is of the order of 30%—-40%,
slightly larger than what is expected from the increase in statistics alone, as some aspects of
the determination of the systematic uncertainty are also statistically limited.

— 37 —



E 1? T Ji '§ 1j Ji
S r ] g L ]
= F T T+ g S g C R
% 0.9~ w o B § 0.9~ +%+WH&_M -
s 25 1 s f ]
S o8- + ATLAS 4 S os- ATLAS E
I ~ Vs = 13 TeV, 139 fo " 1 2 ¢ _f;_ \s=13TeV, 139 fb "' 1
£ 0.7:—«%— Unconverted y, 0.0 <y <06 — £ 0.7 Unconverted y, 0.6 <py| < 1.37
é E ¥ Radiative 2 E § :-—él— O Radiative Z E
T 0.6 ® Matrix method - - 0.6~ ® Matrix method -
C 4 Electron extrapolation, 81 fb" 7 C 4 Electron extrapolation, 81 fb" ]
05— FJINST 14 (??19) P12096] i 05— ‘ ‘ ‘[JII\‘IS"I' 1‘4‘ (3919) P120F)6] i
1AF ‘ I Rl : =
+ ©! Combination |© Combination

T ITRRSN B T —

2 Hh dostiise e R et
09— 70 00 200 400 7000 09— 70 00 200 400 7000
E, [GeV] E; [GeV]

(a) (b)

1 w e 1 R ]
-] ‘Jf‘ ]
0.9 0.9 A e

A TLAS

=13 TeV, 139"
Unconverted Y, 1.52 <y| < 1.81

3 —-
%i i 1
0.8 Hﬁ‘* ATLAS
_%_ (s =13 TeV, 139 fo™!
Unconverted y, 1.81 <n| < 2.37

o
~

T \‘“‘\‘_‘E}L‘\““'\““\““\

0.7

0 Radiative Z

Identification efficiency (data)
o
(o]

Identification efficiency (data)

0 Radiative Z

0.6 ® Matrix method 0-65} ® Matrix method
4 Electron extrapolation, 81 fo F Electron extrapolation, 81 fo'
[JINST 14 (2019) P12006] ; [JINST 14 (2019) P12006]
0.5 A A . 0.5
1.1 ‘ = 1.1 ‘ =
[6] Combination |@ Combination

(&) R (&) o i
s . % 6 o 2
3 1= 650 6 O - 8 1= + ? ] 9o =
© }» + é + © % (} % 1 T
o E}\ N o L 4

0.9= | \ = 0.9 L =

10 20 40 100 200 400 1000 10 20 40 100 200 400 1000
Er [GeV] E; [GeV]

(c) (d)

Figure 19. The photon identification efficiency measured in data, and the ratio of data-to-
MC simulation efficiencies, for unconverted photons with a Loose isolation requirement applied as
preselection, as a function of E in four different |7| regions. The results for the electron extrapolation
were not updated with regards to ref. [14]. The combined correction factor, obtained using a weighted
average of correction factors from the individual measurements, is also presented; the band represents
the total uncertainty.
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Figure 20. The photon identification efficiency measured in data, and the ratio of data-to-MC
simulation efficiencies, for converted photons with a Loose isolation requirement applied as preselection,
as a function of Er in four different |n| regions. The result for the electron extrapolation were not
updated with regards to ref. [14]. The combined scale factor, obtained using a weighted average of scale
factors from the individual measurements, is also presented; the band represents the total uncertainty.
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11 Conclusion

Measurements of electron reconstruction, identification, and isolation efficiencies, and photon
efficiencies have been presented. These use the full Run 2 data with a luminosity of 139 fb—!
collected by the ATLAS experiment during the years 2015-2018. The uncertainties on these
results are up to 50% smaller than the previously published measurements. The improvements
have been achieved not only by including more data but more importantly by significant
updates to the methodology of the measurements used, including optimising the background
subtraction and the combination of measurements, and the update of the subtraction of pile-
up contamination in the case of selections based on isolation variables. These measurements
and the derived correction factors are to-date the most precise measurements using the Run
2 data and are the basis of ATLAS precision analyses in the Higgs boson, electroweak, and
top quark sector. Improvements in the definitions of the isolation variables enhanced the
stability of the signal efficiencies over the full 7 range and significantly increased the rejection
of non-prompt electrons at large transverse momenta. The presented measurements will have
a significant impact on future ATLAS precision measurements.
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