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1 Introduction

During the 2015-2018 data-taking period (Run 2) of the Large Hadron Collider at CERN, the ATLAS
experiment accumulated a large sample of proton—proton collisions at /s = 13 TeV, corresponding to an
integrated luminosity of 140 fb~!. Such a sample provides significant opportunities for improvements in
detector performance and calibration precision, further exploration of the Standard Model and searches for
new physics. Optimal energy reconstruction and calibration of the electromagnetic calorimeter is necessary
for all analyses involving electrons and photons, and especially for precise measurements of the masses and
properties of the Higgs, W and Z bosons. The present paper describes the calorimeter energy calibration
using the Run 2 data sample.

The calibration scheme comprises several steps: a simulation-based optimization of the energy measurement
for electrons and photons, corrections for observed differences between data and simulation, calibration of
the layers of the calorimeter and a final adjustment of the global energy scale using the abundant sample of
electron—positron pairs from Z-boson decays. The resulting calibration corrections are validated using
electrons from J/y decays and photons from radiative Z-boson decays.

The procedure applied to the full Run 2 dataset is similar to the one in Refs. [1, 2]. Compared to the previous
publication, the methodology has been updated in order to reduce the impact of the dominant sources of
uncertainty: the offline reconstruction of electrons and photons in the calorimeter moved from a clustering
algorithm that produced fixed-size clusters to one producing variable-size ‘superclusters’ [3]; muons are
now used for the presampler calibration, instead of electrons and photons; the layer intercalibration is now
obtained by combining scales extracted using both electrons and muons; finally, dedicated data allowed
further studies of the intercalibration of the high- and medium-gain electronics readouts. For the first time,
the resulting calibration uncertainties are further constrained using a precise measurement of the energy
dependence, or linearity, of the calorimeter response.

The calibration steps are discussed in the following, with special focus where improved methods have
been utilized. Section 2 briefly describes the ATLAS detector and summarizes the electron and photon
reconstruction algorithms applied in this analysis. Section 3 describes the data and simulated event samples
used for the studies, as well as the present knowledge of the passive material in front of the calorimeter.
Section 4 gives an overview of the calibration procedure and details the changes relative to the previous
procedure. Section 5 enumerates corrections applied to the data to balance geometrical inhomogeneities,
and to account for residual non-linearity in the electronics readout. This section also details an improved
analysis of the transition between the high- and medium-gain electronics readouts. Section 6 describes the
calibration of the calorimeter layers, namely constraints on the presampler energy scale and the relative
responses of the first and second compartments. Section 7 combines the results of these studies to extract
the final adjustment of the global energy scale. Calibration corrections specific to photons are described in
Section 8. Calibration uncertainties at this stage are discussed in Section 9. The linearity of the electron
energy scale is studied in Section 10. Finally, the validity of the energy calibration is established using
independent samples of electron—positron pairs from J/y decays, and photons from radiative Z-boson
decays, as discussed in Section 11.



2 Electron and photon reconstruction with the ATLLAS detector

2.1 The ATLAS detector

The ATLAS experiment [4] at the LHC is a multipurpose detector with cylindrical geometry' covering
almost 4 in solid angle. Closest to the collision point, ATLAS is instrumented with an inner tracking
detector (ID) covering the pseudorapidity range of || < 2.5 and consisting of a silicon pixel detector,
including the insertable B-layer installed as a new innermost layer before Run 2 [5, 6], followed by a silicon
strip detector (SCT), and a transition radiation tracker (TRT) in the region || < 2.0. The ID is surrounded
by a superconducting solenoid producing an axial magnetic field of 2 T such that the ensemble enables
efficient reconstruction of the tracks and momenta of charged particles, measurement of primary and
secondary vertices, discrimination between electrons and pions, and reconstruction of photon conversions
in ID material at radii up to 800 mm.

The solenoid surrounding the ID is encompassed by an electromagnetic (EM) calorimeter, which consists
of lead absorbers folded in an accordion geometry and immersed in a liquid-argon (LAr) bath. The EM
calorimeter is divided into three regions, each contained in a separate cryostat: the barrel section (EMB)
covering the central pseudorapidity region || < 1.475 and two endcaps (EMEC) covering the acceptance
regions 1.375 < |n| < 3.2. The EMB and EMEC are segmented longitudinally into three (two) layers
within || < 2.5 (2.5 < || < 3.2) with variable cell sizes, such that the direction of photon showers
can be measured. The first layer (Layer 1) spans the regions || < 1.45 and 1.5 < |5| < 2.4, and has a
thickness between three and five radiation lengths (Xo), depending on 77, and cells with a fine segmentation
of 0.003 x 0.1 in An X A¢ in the EMB, providing excellent discrimination between single photon showers
and the showers of two nearly collinear photons from high-momentum pion decay. The second layer
(Layer 2), with a cell granularity of 0.025 x 0.025 in A X A¢, has a thickness between 17 Xy and 20 X
and collects most of the energy deposited in the calorimeter by electron and photon showers. A third
layer (Layer 3) with a thickness of 2-10 X and a coarser granularity of 0.05 x 0.025 in A X A¢ is used
to collect the energy tails of very energetic showers. A thin presampler (PS) layer, placed in front of the
accordion layers and covering the region |5| < 1.8, is used to correct for energy losses upstream of the
calorimeter. This detector consists of a 1 cm (0.5 cm) active LAr layer in the barrel (endcap) region with
a coarse granularity of 0.025 x 0.1 in A X A¢. Scintillators are placed between the barrel and endcap
cryostats (1.37 < |n| < 1.52) to improve the energy measurement in this region.

The EM calorimeter is surrounded by an iron/scintillator hadron calorimeter in the region |n| < 1.7. In the
endcap regions, copper/LAr calorimeters are used up to || = 3.2. Energy measurements at higher ||, up
to || = 4.9, are made using a combination of forward copper/LAr and tungsten/LAr modules placed inside
the endcap cryostats with the EMEC. Muons are accurately measured and identified up to || = 2.7 by a
muon spectrometer located behind the calorimeters. It consists of three air-core superconducting toroids
with eight coils each, precision tracking chambers, and fast chambers for triggering up to || = 2.4.

A two-level trigger system is used to select events. The first-level trigger is implemented in hardware and
uses a subset of the detector information to accept events at a rate below 100 kHz. This is followed by a
software-based high-level trigger that reduces the accepted event rate to 1 kHz on average depending on
the data-taking conditions.

I ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. 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 = —Intan(6/2). The transverse energy is defined as ET = E /cosh .



2.2 Energy measurement, electron and photon reconstruction and identification

The current generated in an EM calorimeter cell by ionizing particles is collected, amplified, and shaped
to reduce the impact of out-of time showers, especially in high instantaneous luminosity conditions [7].
The signal is sampled at 40 MHz and digitized by a 12-bit analogue-to-digital converter (ADC) in three
different electronics readout gains, high, medium and low, in the front-end boards. The signal observed in
the sample matching the trigger time defines which gain to use for the readout. Four digitized samples
(two before the sample with highest energy, and one after) are sent to the back-end electronics. The energy
deposited in the calorimeter cell is estimated through an optimal filtering procedure applied to the four
samples after pedestal subtraction [8], corrected by factors describing the conversion from ADC count
to current and from current to energy. The pedestal, ADC-to-current conversion and signal shape of all
calorimeter cells are derived from specific electronics calibration data. The pile-up dependence of the
resulting energy value is corrected for using the measured instantaneous luminosity for the considered
bunch crossings.

Electrons and photons are reconstructed from energy deposits in the cells, using a dynamic, variable
cluster-size algorithm to form superclusters [3, 9], allowing the recovery of energy from bremsstrahlung
photons or from electrons from photon conversions. In this method an electron candidate is identified as a
supercluster matching a track reconstructed in the ID. If a match is found, the track is re-fitted to account for
bremsstrahlung. Superclusters without a matching track in the ID define unconverted-photon candidates.
Converted-photon candidates are defined as a cluster matching a track that originates from a conversion
vertex. The fraction of photons that convert varies from 20% in the central region to 65% in the endcaps.

Selection criteria are applied after reconstruction to identify genuine electrons while rejecting a large
fraction of fake electrons. Depending on the desired background rejection factor and the specific needs
of each analysis, four operating points, called Very Loose, Loose, Medium and Tight, are optimized for
electrons in bins of 7 and E7. The criteria were chosen by using a likelihood discriminant based on a
number of track and cluster properties for which probability distributions are derived from electron and
pion candidates in data. The identification efficiency of the selection is measured using electrons from
Z-boson and J /y decays. Descriptions of the methods, the used samples and the obtained results are given
in Refs. [3, 10, 11].

Prompt photons are identified using two selection criteria, Loose and Tight, which are based on the EM
shower shapes. The working points are defined in bins of || and, in the case of the Tight selection, also
in bins of E1. The Loose criterion is independent of the conversion status of the photon. The Tight
selection uses shower shape information from the first calorimeter layer and it is optimized separately
for the two cases, accounting for the opening angle of the e*e™ pair in the magnetic field, which may
impact the response for converted photons. The identification efficiency is measured using distinct data
samples: inclusive photon production, photons from radiative Z-boson decays, and electrons from Z-boson
decays after modifying their shower shapes to resemble those of photons. The corresponding analyses are
described in detail in Refs. [3, 11, 12].



3 Collision data and simulation

3.1 Dataset

The analyses described in this paper use the full pp collision dataset recorded by ATLAS between 2015
and 2018 with the LHC operating at a centre-of-mass energy of /s = 13 TeV and 25 ns bunch spacing.
The sample corresponds to an integrated luminosity of 140 fb~! after quality cuts [13, 14]; the typical
mean number of interactions per bunch crossing, (u), was on average 13, 25 and 37 for the 2015, 2016 and
2017-2018 data, respectively. Special samples, called ‘low-u’ samples in the following, were recorded in
2017 and 2018 at low instantaneous luminosity, with {(u) ~ 2; after applying data-quality requirements, the
corresponding integrated luminosity amounts to 340 pb~!.

The measurements of the electromagnetic energy response use a large sample of Z — ee events selected
with single-electron and dielectron triggers [15]. The dielectron high-level triggers use a transverse
energy threshold ranging from 12 GeV (2015) to 17 or 24 GeV (2016-2018) and a Loose (2015) or Very
Loose (2016-2018) identification criterion. The single-electron high-level trigger has a transverse energy
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 applies Tight identification and loose track-based isolation criteria [10]. The offline selection
for the energy calibration measurement requires two electrons satisfying Medium identification, loose
isolation and ET > 27 GeV, resulting in ~57 million Z — ee candidate events.

A sample of J /iy — ee events with at least two electron candidates with ET > 5 GeV and || < 2.4 is used
to validate the electron energy scale at low Et. It was collected using dedicated prescaled dielectron triggers
with asymmetric Et thresholds ranging from 4 to 14 GeV. The sample contains ~260000 events.

Samples of Z — {fy events (£ = e, u), used to validate the photon energy scale, were selected with
the same triggers as for the Z — ee sample for the electron channel and with single-muon or dimuon
triggers [16] for the muon channel. The high-level dimuon (single-muon) trigger’s transverse momentum
threshold was 14 (26) GeV; a loose track-based isolation criterion was applied in the high-level single-muon
trigger. The uuy (eey) samples, after requiring two muons (electrons) with Medium identification [17],
transverse momentum pt > 15 GeV (18 GeV) and one tightly identified and loosely isolated photon with
Et > 15GeV, contain ~210000 (~100000) events.

3.2 Simulation samples

Large Monte Carlo (MC) samples of Z — ¢£ and W — {v events were simulated at next-to-leading order
(NLO) in QCD using PowHEG [18] and the PyTHia 8 [19] parton shower model. The CT10 [20] parton
distribution function (PDF) set was used in the matrix element calculation. The AZNLO set of tuned
parameters [21] and the CTEQ6L1 [22] PDF set were used in the modelling of non-perturbative effects.
Praotos++3.52 [23] was used for QED emissions from electroweak vertices and charged leptons.

Both non-prompt (originating from b-hadron decays) and prompt (not originating from b-hadron decays)
J/¥ — ee samples were generated using Pythia 8. The Al4 set of tuned parameters [24] was used
together with the CTEQ6L1 PDF set, and EvrGen 1.2.0 [25] was used to model b- and c-hadron decays.

Samples of Z — ¢y events with photon Et > 10 GeV were generated with SHErRPA 2.2.4 [26] using QCD
leading-order matrix elements with up to three additional partons in the final state. The NNPDF3.0nNLO



PDF set was used in conjunction with the dedicated parton shower tuning developed by the SHERPA
authors.

The energy resolution of the new reconstruction algorithm was optimized using samples of 40 million
single-electron and single-photon events simulated without pile-up. Their transverse energy distribution
covers the range from 1 GeV to 3 TeV. Smaller samples with a flat {(u) spectrum between 0 and 60 were
also simulated to assess the performance as a function of (u).

An extensive software suite [27] 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. The
generated events were processed through the full ATLAS detector simulation [28] based on GEANT4 [29].
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 PytHia 8 using the A3 set of tuned parameters [30] and the NNPDF2.3L0 PDF [31].
Although this set of tuned parameters improves the modelling of minimum-bias data relative to the A2
set [32] used previously, it overestimates the hadronic activity measured using charged-particle tracks
by roughly 3%. Simulated events were weighted to reproduce the distribution of the average number of
interactions per bunch crossing in data, scaled down by a factor 1.03.

3.3 Passive material model

Measurements of electron and photon energies are affected by the passive material in front of the EM
calorimeter. The simulation-based energy calibration accounts for this effect, but any differences between
the simulated detector model and the actual detector produce discrepancies between the energy responses.
For electrons of ET =~ 40 GeV, such discrepancies are absorbed through the Z-based energy calibration,
but biases remain that depend on the particle type (electron, unconverted or converted photon) and energy.
The model used for the passive material and its associated uncertainties was derived from Run 1 and partial
Run 2 data [1, 10], and is summarized briefly below.

The model of the ID is based on measurements performed during its construction [4], leading to a 5%
uncertainty in the amount of material. In Run 2, a 10% uncertainty is assigned to the material of the
insertable B-layer, and 25% to that of the inner-detector service patch panel [33], affecting the high-|n|
region.

The material between the ID and the LAr calorimeter was probed [1] using the longitudinal development
of electron and photon showers. The ratio of the energies deposited in the first and second accordion
layers was found to be sensitive to the total amount of material traversed by these particles before entering
the calorimeter. After calibration of the layers’ energy response, this ratio was measured with a relative
precision of about 1% in the barrel, and about 2% in the endcaps, leading to a determination of the
passive material with a typical precision of 5%Xy for |n| < 1.3, 10%X, for 1.6 < |p| < 2.1, and up to
20% X, for 2.1 < |n| < 2.4. The impact of the passive material uncertainties on the energy measurement
was parameterized using simulation as a function of the particle type, Et, and |n|. The corresponding
calibration uncertainties mostly affect electrons at low Et and unconverted photons, and typically reach
1%0—2%o0. No measurement was performed in the barrel-endcap transition regions, so these regions have
larger uncertainties.
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Figure 1: (a) Amount of material traversed by a particle, in units of radiation lengths X /Xy, as a function of || in the
nominal simulation. (b) Measured difference between the data and the nominal simulation of the detector material
up to the first layer of the EM calorimeter. The data points are obtained using the longitudinal shower profile of
electrons from Z-boson decays in partial Run 2 data, and have negligible statistical uncertainties. The blue band
summarizes the material uncertainties, relative to the nominal simulation, as determined in Run 1 calibration studies.
The green band includes additional uncertainties related to the introduction of new material into the detector for
Run 2, and covers potential mis-modelling of the insertable B-layer and a modified inner-detector patch panel (PPO).
At high ||, these uncertainties are dominated by a 50% uncertainty in the simulated PPO material.

The resulting material model is presented in Figure 1(a), which summarizes the passive material between
the interaction point and the calorimeter. The measured passive material is compared with the simulation
and its uncertainties in Figure 1(b).

4 Overview of the calibration procedure

The different steps in the procedure used to calibrate the energy response for electrons and photons
described in this paper are illustrated in Figure 2, and summarized below.

The energy of an electron or photon candidate is built from the energy of a cluster of cells in the
electromagnetic calorimeter. The measurement of electron and photon energies is optimized using a
simulation-based boosted-decision-tree regression algorithm, combining energy deposits belonging to the
reconstructed supercluster, in the presampler and in the calorimeter layers. The optimization is performed
separately for electrons, converted photons and unconverted photons, taking into account the particle
position. It is the same as the one used in Ref. [3] and the methodology is discussed in detail in Ref. [2].

Since the EM calorimeter is segmented in depth, the longitudinal layers should be calibrated separately
to provide a correct description of the calorimeter response as a function of Et (step 1). After these
corrections, the simulation-based calibration is applied identically to the cluster energies reconstructed
from collision data and simulated event samples (step 2).

A set of additional corrections is applied to data to account for response variations not included in
the simulation in specific detector regions, e.g. regions with non-optimal high voltage, azimuthal non-
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Figure 2: Schematic overview of the electron and photon energy calibration procedure in ATLAS.

uniformities, or biases associated with the liquid-argon calorimeter’s electronics calibration (step 3). The
stability of the calorimeter response as a function of azimuth, time and pile-up is also studied.

A final adjustment of the calorimeter response is derived from samples of Z — ee events, so that the peak
of the Z resonance reconstructed in data coincides with that in the simulation. The response corrections are
applied to the data. Using the same event samples, it is found that the resolution in data is slightly worse
than that in simulation, and appropriate corrections are derived and applied to the simulation to match
the data (steps 4, 5). The passive material model and the intercalibration corrections carry uncertainties
that affect the energy calibration with a specific dependence on the particle Et. Measuring the residual
energy dependence of the energy scale thus allows further adjustments of the calibration model, and
provides additional constraints on the associated uncertainties. High-precision measurements, such as
those measuring the masses of the Higgs and W bosons, will profit significantly from these uncertainty
reductions.

The calibration factors extracted from Z — ee events are assumed to reflect the intrinsic response of
the calorimeter, and are thus applied identically to electrons and photons. Nevertheless, photon-specific
corrections are needed to account for differences in the lateral development of electron and photon showers
(step 6). Finally, the calibration chain is validated in data with low-ET electron candidates from J /¢ — ee
decays, and with photon candidates from radiative Z-boson decays (step 7).

S Effects on the uniformity and stability of the energy response

This section discusses the stability of the calorimeter energy response as a function of azimuthal angle, time,
and pile-up. The dependence of the energy reconstruction on the readout electronics (ADC calibration and
readout gain) is also discussed. Not all effects are modelled in the simulation. Corrections are defined for
the ADC calibration and the azimuthal non-uniformity, while a systematic uncertainty is assigned for the
observed dependence of the energy measurement on the readout gain.



5.1 Uniformity

Gravity-induced mechanical deformations of the calorimeter cause variations in the size of the liquid-argon
gaps between the absorbers as a function of azimuthal angle. The resulting energy response variations are
at the level of 0.1%—0.2% in the barrel, and up to 1% in the endcaps. Energy corrections are derived from
the modulations of the response as a function of ¢, separately in six intervals of absolute pseudorapidity
(0-0.6, 0.6-1.0, 1.0-1.37, 1.37-1.55, 1.55-1.82, 1.82-2.47). In each || interval, the relative response is
defined from profiles of E1/{ET) in Z-boson decays, where Er is the electron transverse energy at a given
¢ value, and (ET) is the average over ¢.

The effect of this correction is illustrated in Figure 3. While the ¢-averaged energy response is unchanged
by construction, the better uniformity is expected to yield a small improvement in the overall energy
resolution. In practice, the resolution’s constant term, discussed in Section 7, is reduced by 5%—10% in the
endcaps, where the correction is most significant.
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Figure 3: Electron energy response as a function of electron azimuth, in the endcaps, before (red dots) and after
(black dots) the ¢-uniformity energy correction. This correction was computed from 2015+2016 data and applied to
the full Run 2 sample. The observed non-zero residuals have no impact on the final result

5.2 Stability

The stability of the calorimeter response is studied using the reconstructed peak position of the dielectron
mass distribution, m../{me.), in Z — ee candidate events. This is illustrated in Figure 4(a) for the data
taken between 2015 and 2018. Stability at the level of 0.05% is observed over the full data-taking period.

Figure 4(b) shows m../{m..) as a function of the average number of interactions per bunch crossing for
the data collected between 2015 and 2018. The bipolar shaping of the calorimeter signals [7] protects the
energy measurement against pile-up fluctuations, and after correcting for bunch-to-bunch variations of the
instantaneous luminosity, the residual dependence of the energy scale on {u) is below 0.1%. The small
increase in energy observed in data is consistent with the MC expectation over most of the () range and is
related to the new dynamical clustering used for the energy measurement [3]. The high-{u) region mostly
reflects data taken in 2017, and the discrepancies observed in this region justify the extraction of dedicated
energy-scale corrections for each data-taking year. More details are given in Section 7.

The stability of the response as a function of the number of reconstructed collision vertices (Nyi) [34] is
shown in Figure 4(c). Classifying events according to Ny, related to the number of interactions in the
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specific bunch crossing, biases the pile-up activity of colliding bunches relative to the average. In this case
the compensation of the pile-up contributions to the reconstructed energy by the bipolar shaping becomes
imperfect, giving rise to the observed slope. The description of this effect in the simulation is accurate
to 0.1% for (u) < 25, rising to 0.5% at high Ny. The larger discrepancy at high Ny reflects the effect
observed for {u).
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Figure 4: Relative variation of the peak position of the reconstructed dielectron mass distribution in Z — ee events
as a function of (a) time, (b) the average number of pile-up interactions, {u), and (c) the number of reconstructed
collision vertices, Nyix.

5.3 ADC non-linearity correction

The energy reconstruction in a LAr calorimeter cell is based on a linear conversion from ADC counts
to current, and an additional factor converting current into energy. In practice, the energy response of
each cell is determined during dedicated electronics calibration runs, parameterizing the relation between
the injected current and the measured ADC count using a linear function. The fits to the calibration data
show non-zero residuals, caused by intrinsic non-linear behaviour of the electronics. This is illustrated in
Figure 5 for an example cell and a calibration run performed in medium gain (MG). The residuals deviate
from a linear fit by about 0.3%; comparable deviations are observed in high-gain (HG) calibration runs.
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The implications of this non-linearity are twofold. First, the residuals of the ADC-to-current correction
contribute to the non-linearity of measurements of electron and photon energies, and must therefore be
accounted for in view of the linearity analysis in Section 10. A correction is implemented, based on fits
of a fifth-order polynomial to the residuals, separately for each cell of the calorimeter, as exemplified in
Figure 5. The parameterized residual is then added to the cell energy estimate. The impact on electron
or photon cluster energies is estimated by repeating this procedure for all cells belonging to the cluster,
and computing the modified cluster energy. The final correction is built such that it does not modify the
cluster energies of electrons at ET = 40 GeV, where the global energy scale is set (see Section 7). Results
of this procedure for electrons, unconverted photons and converted photons are illustrated in Figure 6.
Cluster energies are increased by about 0.4% at low ET, and decreased by about 0.2% at high ET, with a
moderate dependence on particle type and pseudorapidity. A relative uncertainty of 30% is assigned to this
correction.
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Figure 5: Output of a calibration run performed in medium gain, for a example cell in the second layer of the EM
calorimeter. The relation between injected current, in DAC (digital-to-analogue converter) units, and ADC counts is
assumed to be linear (top panel). The evolution of the residuals (in DAC units) between the measurements and the
linear fit as a function of ADC counts (bottom panel) is parameterized with a fifth-order polynomial and used to
correct the cell energy.

In addition, non-linearities in the ADC-to-current conversion affect comparisons of the energy response
in different readout gains. For a given energy, the measured ADC count and the residuals of the current
conversion depend on the gain in which the cell is recorded, so that a direct comparison of the energy
response in HG and MG is difficult to interpret. The ADC non-linearity correction described above removes
this bias. The energy measurement in high and medium gains can then be compared directly, as described
in the next section.

5.4 Energy response in high and medium gain

Non-linearity in the cell energy measurement introduces a dependence of the energy response on the
energy of the reconstructed particle. As discussed above, the linearity of the readout electronics is better
than a few per mille in each of the three gains used to digitize the calorimeter signals. In the standard
configuration, the HG readout is used for the majority of cells in clusters from electrons in Z — ee decays,
especially in the barrel, where the transition to medium gain occurs for a cell energy of about 25 GeV, for
cells in the second layer. The relative calibration of the different readout gains is assumed to be perfect in
the simulation, but less well understood in data [1, 2]. To study the accuracy of this relative calibration,
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Figure 6: Relative cluster energy correction as a function of Et, for (a) || < 0.8 and (b) 1.8 < |5| < 2.4 for electrons
(black), unconverted photons (red) and converted photons (blue). For each particle type, the size of the envelope
reflects the dependence of the correction on 7, at a given ET.

data recorded in 2017 and 2018 under special conditions are used, with an integrated luminosity of about
0.3 fb~!. For these data, the threshold to switch from HG to MG readout for the cells in the second layer
was lowered, typically by a factor of three, such that almost all electrons from Z-boson decays have at least
the highest-energy cell in Layer 2 recorded in MG.

The reconstructed dielectron invariant mass distribution in the special runs is compared with the distribution
observed in 1.5 fb~! of data with the standard gain transition, and recorded around the same time. The
procedure described in Section 5.3 is used to calibrate the ADC-to-current conversion function in both
gains. An example comparison is shown in Figure 7(a) for electrons with |p| < 0.8. The invariant mass
distributions built in standard runs are parameterized with a sum of three Gaussian functions in (i, j)
categories, where i and j label the five |5| regions> where the electrons of the pair are reconstructed.
The same shapes are used to describe the corresponding distributions for the data taken in the special
runs, but with the means and widths of the Gaussian functions modified by a multiplicative factor
\/ (1+ac,i)(1+ag,;), where ag,; is the energy scale difference between the two datasets in the || region i.
These ag,; parameters are then extracted from a simultaneous fit of all (i, j) regions. The measured values
of ag are shown in Figure 7(b) as a function of |n|. The uncertainties shown are statistical only; systematic
uncertainties are negligible for this study. For perfectly intercalibrated HG and MG readouts, ag = 0.
Instead, small but significant differences are observed, especially for 0.8 < || < 1.37. Compared to the
previous analysis of this effect in Ref. [2], a is found to be smaller by about a factor of two; this change is
mostly driven by the improved ADC calibration using a residual correction discussed in Section 5.3.

The relative difference between the energy responses in HG and MG can be written as a function of the
particle type, Et and 7 as follows:

AE . 1 ey
? —QG(U) 62(77) 6G (77’ ET)’ (1)

where

2 The definition of these regions is motivated by the calorimeter geometry.
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* 6z(n) quantifies the fractional change in energy for electrons from Z-boson decays between the data
with lower and standard thresholds for a given change in the energy recorded in MG. This sensitivity
factor is about 0.3 to 0.4 (0.2 to 0.25) in the barrel (endcap) calorimeter. It takes into account the
fact that only a fraction of the electron energy is recorded in MG in the special-settings data taking,
while in data recorded with normal settings some cells in the second layer can be read out in MG.
This is particularly true for the endcaps, where the electron energies are larger.

. 687(77, ET) quantifies, for a given particle, the fractional change in total energy for a given change
in the energy recorded in MG, for standard gain thresholds. It is estimated using simulated single-
particle samples, and is close to zero up to E1 = 40 GeV for electrons, and ET = 60 GeV for photons,
and rises to reach an asymptotic value of about 0.8 for E1 above a few hundred GeV.

The gain dependence of the energy response, AE/E, is considered as a systematic uncertainty in the energy
measurement; the size of the uncertainty is defined as the full size of the observed dependence. The
effect increases with energy, and typically reaches 0.1% in the barrel, and 0.4% in the endcaps, with low
dependence on the particle type.
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Figure 7: (a) Example dielectron invariant mass distributions, one from events collected in special runs and the other
from standard runs, and (b) corresponding energy scale factors and their statistical uncertainties as a function of |r].

6 Intercalibration of the EM calorimeter layers

6.1 Presampler energy scale

The presampler energy scale apg is defined as the ratio of the presampler energies in data and simulation.
The analysis presented in Refs. [1, 2] used samples of electrons and photons to measure aps. However, the
interplay between apg and the amount of material in front of the presampler produces a strong correlation
between the corresponding uncertainties. In this paper, the determination of apg is performed using muon
candidates selected in the low-u data sample. The muon energy deposits are insensitive to the material
in front of the presampler, and therefore provide a direct measurement of the presampler energies. A
high-purity sample of W — uv and Z — uu events is selected by requiring one or two isolated muons,
with additional criteria for the transverse energy and mass, and in the Z-boson case, the dimuon mass.
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Although the signal-to-noise ratio for a typical energy deposit from a muon in a presampler cell is rather
low, the near absence of pile-up in low-u data ensures it is still significant if the sample is large enough.
Figure 8 shows examples of muon energy deposits in data and MC samples. The noise distributions, as
measured by the energy deposits in the neighbouring cells located at Ay = £0.025 from the crossed cells,
are also shown for the simulation. The peak position in data and simulation matters for this study, while
differences in the width, as observed in the endcaps, have no impact. The mean energy deposits measured
in a cell are ~ 45,100 and 75 MeV atn ~ 0, 1.2 and 1.6, respectively.
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Figure 8: Distributions of muon energy deposits in presampler cells traversed by muon tracks, in two || regions: (a)
barrel and (b) endcap. The corresponding distributions for the neighbouring cells in 1 are shown for the simulation
by the dashed histograms.

The mean values of these distributions are extracted within the interval [—1.6, 1.6] GeV for data and
simulation, and aps is determined from their ratio. The measurement is performed in nine pseudorapidity
bins corresponding to the size of the presampler modules (A = 0.2 up to || = 1.4, Ap = 0.12 in the
last barrel module and Az = 0.3 in the endcaps).

Systematic uncertainties in the measurements of apg are estimated as the envelope of the difference between
the nominal apg values and alternative measurements obtained by 1) varying the muon candidate selection,
i.e. selecting candidates crossing a cell close to its centre; 2) varying the presampler energy definition, i.e.
using a cluster of three cells in 7 instead of a single cell; 3) subtracting a pedestal energy estimated from
neighbouring cells in ¢; and 4) varying the interval used to determine the mean of the Epg distributions.
These changes contribute equally to the total systematic uncertainty. At a given |z|, the values of apg are
found to be compatible for positive and negative pseudorapidity, and are averaged. The results are shown
in Figure 9. The statistical uncertainties are at the percent level, while the systematic uncertainties vary
between 2% and 4% depending on |n|. The results obtained here using muons are compatible with the
earlier electron- and photon-based measurements.

6.2 Intercalibration of the first and second calorimeter layers
The intercalibration of the first and second calorimeter layers is paramount in controlling the linearity

of the electron and photon responses. Differently from previous iterations, both the muon and electron
candidates from Z-boson decays are used here to measure the relative calibration of the two layers.
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Figure 9: Measured presampler energy scale aps as a function of ||. The error bars represent the statistical
uncertainty and the yellow band shows the total uncertainty.

6.2.1 Intercalibration using muons

The measurements using muon candidates from Z-boson decays closely follow the analysis in Ref. [2].
The intercalibration factor is defined as a2 = ((E1)/(E2))%?/((E1)/{E>))MC where (E;) is the mean
value of the distribution of the energy deposited in layer ;. Two methods differing in the estimation of (E;)
are considered: the most probable value method extracts it from a fit of a Landau distribution convolved
with a noise template. The truncated mean (TM) method uses the mean of the distribution computed
over a restricted window to minimize the sensitivity to the tails. In both methods, these quantities are
measured in intervals of {u) and the final a1, measurement is obtained by extrapolating linearly to {u) = 0.
The extrapolation parameters are determined from the measurements in the interval (u) € [10,40]. In
the TM method, the extrapolation was validated by comparing the nominal results with the @, value
estimated with the low-u data sample. This is illustrated for 0.3 < || < 0.4 in Figure 10(a); a comparison
of the measurements using the standard data sample and the low-u one is shown in Figure 10(b). For
both methods, calibration uncertainties are derived by varying the muon selection cuts and the fitting or
averaging ranges, as described in Ref. [2]. Agreement between the two measurements is excellent and well
within the total uncertainty of the nominal result. The total uncertainty in the muon measurements varies
from about 0.7% in the barrel to about 2% in the endcaps.

6.2.2 Intercalibration using electrons

In the previous analyses [1, 2], electron probes were used only as a cross-check of the layer intercalibration
performed with muons. From the few discrepancies between electron and muon correction factors observed
in some pseudorapidity regions, systematic uncertainties were derived and applied to the muon result. The
method first described in Ref. [1] was revisited with the full Run 2 data sample in order to better constrain
the layer intercalibration using electrons, and to combine the electron-based measurement with the result
obtained from muons.

The dependence of the energy response on the depth of the EM shower allows a direct extraction of @1;.
This parameter is determined in 25 bins of || € [0, 2.4], using the ratio of the measured energy E and
momentum p of electron candidates, E/p, and the distribution of the invariant mass of electron pairs,
mee. The E/p distribution is affected by bremsstrahlung from interactions between the electrons and the
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Figure 10: (a) Evolution of the truncated mean of the muon energy deposit distribution for 0.3 < |n| < 0.4, for the
first (dots) and second (triangles) calorimeter layers, in data (open symbols) and in simulation (full symbols), as a
function of the average number of pile-up interactions per bunch crossing {u). The values obtained from the low-u
samples are also shown, together with the values extracted from a MC sample without pile-up. The lines show the
result of linear fits to the points for (u) € [10,40] and the dotted lines show the extrapolation to lower and higher (u).
(b) Comparison of the evolution with || of @, obtained from extrapolation at u = 0, for the low-u and standard data
samples, for the TM method. The yellow band shows the total uncertainty of the nominal results, obtained from the
standard dataset. The error bars on the data points are statistical only.

material in front of the calorimeter, and is modelled using a Crystal Ball distribution [35] in the range
0.9 < E/p < 1.3. For this method, only the region || < 1.37 is considered since the ID momentum
resolution deteriorates rapidly at large ||. The invariant mass distribution is fitted in each (||, E1/E>)
bin?, in the range [80, 100] GeV, using the convolution of a Crystal Ball function and a Breit-Wigner
distribution, while the small background in data is modelled by a second-order Chebyshev polynomial. In
both the E/p and m,.,. methods, the most probable value of the fitted Crystal Ball function is used as the
estimator. Examples of fits to the dielectron invariant mass and the E/p distributions are illustrated in
Figure 11.

In a given |n| bin, the dependence of the E/p and m,, estimators on E|/FE; is determined in data and in
simulation. For a perfect layer intercalibration, the ratio of the estimator in data and the nominal simulation
is expected to be constant, and any mis-calibration induces a slope. A constant data-to-simulation ratio is
recovered by rescaling E in data and recomputing m.. and E /p accordingly, adjusting @ to minimize the
deviation of the ratio from a horizontal line. Figures 12(a) and 12(b) show the dependence of m,. and E/p
on E| /E, for data and simulation, for |n| € [0.1,0.2] (m..) and |n| € [1.0, 1.1] (E/p). Data-to-simulation
ratios are shown in the bottom panels. For || € [0.1,0.2], the uncorrected ratio is compatible with a
constant, indicating a good layer intercalibration, while for || € [1.0, 1.1], a constant ratio is recovered
after rescaling E| by 0.97. The measurements of |, using m,. or E/p are compatible in the whole |n|
range.

The following sources of systematic uncertainty are considered:

* The effect of uncertainties in the amount of material is estimated from simulations in which the
passive material in the barrel cryostat, the SCT and the endcaps of the TRT is increased according

3 Each me. value is considered in the two relevant (Inl, E1/E3) bins, where E; is the cluster energy contained in Layer i.
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Figure 11: Distributions of (a) the dielectron invariant mass and (b) electron E/p for electrons with 0.1 < || < 0.2
and 0.1 < E|/E; < 0.2. The fitted functions used to estimate the most probable value are superimposed.
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Figure 12: Evolution of (a) m,.. and (b) E/p estimators as a function of E|/E; for the data (full dots), the data with a
scaling of E| (red squares), and the nominal simulation (open squares). The m,, and E/p figures show values for
electrons in the pseudorapidity bin 0.1 < || < 0.2 and 1.0 < |n| < 1.1 respectively. The bottom panels show the
ratio to the nominal simulation. In addition, the evolution for a simulation with additional material is also shown. For
this sample, the range |r7| < 1.35 is used.

the uncertainties described in Section 3.3. The distorted MC samples are used as pseudo-data, and
the deviation of @, from 1 defines the associated uncertainty. As can be seen in ratio panels of
Figure 12, the method is rather insensitive to passive material variations (the constant ratio of the
distorted MC to nominal MC values in the range |r7| < 1.35 is also observed in finer || bins). The
uncertainty ranges from ~0.5% at low || to ~5% for |n| € [1.4, 1.8].

¢ The intervals used to fit the energy response are modified to [70, 100] GeV or [84, 98] GeV for
the m., method, and to [0.95, 1.5] for the E/p method. The difference between the a1, values
measured in the nominal and alternative intervals is used as an uncertainty.

* The uncertainty in the presampler energy scale also impacts the measurement. The corresponding
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uncertainty in @, can be as large as 1% at the end of the barrel for the E/p method.

* Variations of the electron identification working point, the residual bias of the method, and the
limited size of the Z — ee sample contribute with much smaller uncertainties.

The precision of the a1, measurement with electrons ranges from 0.7% to 2% in the barrel, and from 1.5%
to 6.2% in the endcap calorimeters. In the barrel-endcap transition regions and in the first half of the
endcap calorimeters, the distributions in data and simulation differ significantly, regardless of @1,, leading
to poor convergence of the minimization procedure and increased uncertainties.

6.2.3 Combination

The two muon measurements and the two electron measurements are combined using the BLUE prescrip-
tion [36]. In each channel, the statistical correlation between the two methods is ignored, as systematic
uncertainties dominate; the latter are found to be largely uncorrelated as a function of |5|. First, the muon
and electron measurements are combined separately. The results are shown as the blue and red open dots
in Figure 13(a). The uncertainty in the combined muon measurement includes the systematic uncertainty
induced by the extrapolation of this calibration to electron and photon showers [1]. This uncertainty
accounts for the uncertainties in the simulation of the ionization current induced by muons, and how these
uncertainties affect EM showers. These two combined results are then combined to provide the final
measurement, illustrated in Figure 13(a). When the y? of the combination is larger than one, the combined
uncertainties are rescaled by a factor \/)7 . The total uncertainty is presented in Figure 13(b), and varies
between 0.6% in the central part of the barrel to 3% at || ~ 2.4. The inclusion of the electron measurement
allows the uncertainty to be reduced by a factor of ~1.8 in the first half of the barrel. In the endcaps, the
combined uncertainties are dominated by the differences between the electron and muon results.
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Figure 13: (a) Relative calibration scale factor a of the first and second EM calorimeter layers as a function of |r].
Open blue squares correspond to the results obtained from the study of muon energy deposits in Z — pu events,
combining the truncated mean and most probable value methods. Open red circles show the extracted combined
values obtained from the study of the dependence of the dielectron invariant mass m,, and the E/p ratio as a function
of E|/E; in Z — ee events. The final scale factors, combining electron and muon results, are shown as the black
solid lines. (b) Corresponding total uncertainties, taking into account rescaling in the case of large y2.
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7 Determination of the energy scale and resolution with Z — ee events

Electron energy scale and resolution corrections are determined using electron pairs from Z-boson
decays. For electrons reconstructed in i regions labelled i and j, the difference between the positions
of the resonance in data and simulation is used to determine invariant mass scale corrections «;;,
defined by mf}’rr = m;j/(1 + @;;). Similarly, a correction to the mass resolution is parameterized as
(om/ m)l?]‘.’rr = (o /m);j @ c;;. The values of @;; and ¢;; are those which give the best agreement between
the invariant mass distributions in data and simulation, separately for each (i, j) category.

The analysis in Section 6.1 measures an absolute energy scale for the presampler, but the calibration
procedure for the first and second accordion layers presented in Section 6.2 only determines their relative
response. Since the contribution of the third accordion layer to the energy measurement is negligible
for electrons from Z-boson decays, the only remaining degree of freedom is the overall energy scale
of the accordion calorimeter. Accordion energy* scale corrections for single electrons, defined by

EFCCOT = E2¢ /(1 + @°), are at first order related to the invariant mass scale factors a;; following
acc ,,acc acc ,,acc
~ Sfiad ™ + f] al

J
a’,'j— ) )

where f7°°, shown in Figure 14, is determined from simulation. It represents the sensitivity of the total
calibrated electron energy to the energy measured in the accordion calorimeter, for electrons in 1 bin i. It
is expected to be smaller than one since part of the electron energy is deposited in the presampler (for
|n] < 1.8) and in the scintillators in the transition regions between the barrel and endcap calorimeters
(1.4 < |n| < 1.6). The accordion energy scale corrections are applied only to the data.
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Figure 14: Sensitivity of the calibrated electron energy to the energy measured in the accordion calorimeter, £, as
a function of || for electrons from Z-boson decays.

The invariant mass resolution correction ¢;; can be expressed in terms of single-electron energy resolution
corrections, c;, as ¢;; = (¢; ® c¢j)/2. The resolution correction is applied to the reconstructed energy in
simulation.

The invariant mass window considered for the determination of @;; and c;; is 80 < m,, < 100 GeV, and
the a°“ and ¢; parameters are extracted from simultaneous fits of all categories. Figure 15 shows the results
for (a) ai°“ and (b) ¢; derived in 68 and 24 n intervals, respectively, separately for the 2015, 2016, 2017

4 The accordion energy is the sum of the energies in the three layers of the accordion calorimeter: E%°¢ = Z?ayerzl Elayer-
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and 2018 data samples. Changes in the @} values between successive years are mainly due to variations
of the LAr temperature and the instantaneous luminosity. The temperature variations induce changes in
the charge/energy collection, affecting the energy response by about —2%/K [37]. Increases in luminosity
during Run 2 imply that more energy is deposited in the liquid-argon gap, which creates a higher current in
the high-voltage lines, effectively reducing the high voltage applied to the gap and changing the response
by up to 0.1% in the endcap regions. Given the small size of the observed dependence, dedicated energy
scale corrections for each data-taking year provide adequate stability for the energy measurement.

The energy scale correction is applied as an overall correction to the energy measured in the three accordion
layers, and the Z-based calibration fit is repeated to verify that the procedure converges. The residual
energy scale factors a/l?l"s‘”e obtained from this iteration are also shown in Figure 15(a). Their values are
below 10~* everywhere except in the transition regions, 1.37 < |n| < 1.52, where scintillators installed
between the barrel and endcap cryostats contribute to the energy measurement but are not the subject of a

specific calibration. The residual non-closure is applied as a final correction to the reconstructed energy.

For the constant term resolution corrections c;, a dependence on the pile-up level is observed through the
different values obtained from the 2015-2018 data. The dependence of the c; values on the amount of
pile-up is explained by the larger pile-up noise predicted by the simulation, compared with that observed in
the data, for a given value of u [3]. A weighted average of the ¢; values for the different years is applied in
the analyses of the complete dataset. The additional constant term in the energy resolution is typically less
than 1% in most of the barrel and between 1% and 2% in the endcaps.

Systematic uncertainties in the determination of a/l?l"s‘"e and c; are assessed using variations of the event

selections and fitting range. The event selection variations are a change of the electron identification criterion
from Medium to Tight, removal of the isolation criterion, and addition of a cut on the momentum fraction
lost by bremsstrahlung inside the ID. The mass window used for the fit is varied from 80 < m,, < 100 GeV
to 87 < mee < 94.5 GeV. The combined effect of these variations is a systematic uncertainty of about
0.05% in afk’s”re over most of the calorimeter acceptance, but reaching 0.5% in the transition regions
between the barrel and endcap calorimeters and at the edge of the calorimeter (|57] > 2.3). The systematic
uncertainty in the ¢; corrections ranges between 0.1% and 0.2% across the detector acceptance. The
dominant contribution to the systematic uncertainty comes from the mass window variation.

Figure 16 shows the invariant mass distribution of Z — ee candidates in data and in simulation after
applying the energy scale correction to the data and the resolution correction to the simulation. Background
contamination is not taken into account in this comparison, but it is expected to be no more than 1% in the
shown mass range. The uncertainty band corresponds to the propagation of the uncertainties in the a/l?k’s“re
and c; factors. Within these uncertainties, the data and simulation are in fair agreement.

8 Photon-specific calibration

8.1 Modelling of the photon reconstruction classification

The simulation-based energy reconstruction procedure, discussed in Section 4, is optimized and applied
separately for unconverted photons and converted photons. Therefore, a difference between data and
simulation in the rates of classifying photons as converted or unconverted generates a bias in the photon
energy scale. Misclassifications arise from inefficiencies in the conversion-finding algorithm and from
the incorrect classification of genuine unconverted photons as converted photons by matching the cluster
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Figure 16: Comparison of the invariant mass distributions of the electron pair in the selected Z — ee candidates in
data and simulation, after the calibration and resolution corrections are applied. The total number of events in the
simulation is normalized to that in data.

to pile-up-induced tracks. The rates of correct and incorrect classification are measured using a sample
of photons selected from radiative Z events. As described in Ref. [12], these rates are evaluated, in both
data and simulation, using the ratio of the energies deposited in the first and the second layers of the
calorimeter to discriminate between genuine converted and unconverted photons. The uncertainty in the
energy scale is evaluated, as a function of || and ET, by reweighting the conversion fractions in a sample
of simulated single photons according to the values obtained from the radiative Z sample in simulation and
data, respectively, and it is taken to be the relative difference of the energy responses.

For photons with Et = 60 GeV, the uncertainty in the energy scale for unconverted photon candidates
is about 0.02% in the barrel and 0.02%—-0.13% in the endcaps. For converted photon candidates, it is
about 0.12% in the barrel and smaller than 0.01% in the endcaps. For photons with lower energy the
uncertainty increases significantly: for Et = 15 GeV, it amounts to 0.18% in the barrel and 0.08%—0.67%
in the endcaps for unconverted photons. For converted photons, it becomes 0.69%—1.31% in the barrel
and 0.01%-0.1% in the endcaps. This systematic uncertainty is considered as a single source, correlated
between converted and unconverted photons.

8.2 Out-of-cluster energy leakage mis-modelling

Electrons and photons deposit about 1% to 6% of their energy outside of the cluster used in the reconstruction,
depending on ET, n and the particle type. This effect is corrected for by the MC-based energy response
calibration. However, a bias in the reconstructed energy could appear in data if this lateral leakage is
mis-modelled by the simulation. For electrons, the global energy scale correction (Section 7) absorbs
any potential discrepancy at (Et) ~ 40 GeV.> To take into account possible differences between electron
and photon showers related to the different probabilities for interaction with the material in front of the

5 The energy dependence of the difference between data and simulation for electron lateral leakage was studied and found to be
small, below 0.1%, and is accounted for as a (ET,|n|)-dependent systematic uncertainty.
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calorimeter, the lateral energy leakage in the calorimeter outside the area of the cluster is studied directly in
data and simulation.

The Z — ¢fy and Z — ee event samples are used to estimate this difference. The lateral energy leakage,
[, is defined by comparing the energy collected in the second-layer cells belonging to the supercluster,
E}2 .. with the energy deposited in second-layer cells in a larger rectangular window of size 7 X 11 in7 X ¢
around it, E;il /"
B
Efom

The difference between data and simulation is presented in Figure 17 as a function of Et and in two
pseudorapidity regions for electrons, unconverted photons and converted photons.
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Figure 17: The difference between the leakage fractions in data and simulation, in (a) the barrel and (b) the endcaps
as a function of E1 and the particle type. A variable bin size was chosen to make optimal use of the available samples.
The last bin covers the range E1 > 40 GeV, and the corresponding markers are set near the Et-average in that bin.

The double difference between electrons and photons in data and simulation, «;, defined as :
a = (le _ Ly)data _ (le _ ly)MC ’

is estimated separately for converted and unconverted photons and is used to correct the photon energy scale.
The reconstruction of photon conversions and the classification into converted photon and unconverted
photon categories have an impact on ¢; that is estimated by reweighting the simulation to match the data
(as detailed in Section 8.1), and the difference between the nominal «; values and the values obtained
without reweighting is taken as a systematic uncertainty. The a; values vary from —(0.3-0.2)% at low Et
to —(0.1-0.05)% at high E, with an absolute uncertainty ranging from 0.01% to 0.07% depending on the
kinematic bins and the particle type.

Discrepancies between leakage modelling and data were observed in previous publications [1, 2], and the
full size of the discrepancies was considered as a systematic uncertainty in the photon energy calibration.
The statistical power of the Run 2 data allows an improved mapping of the || and Et dependence of
this effect, and a correction is derived. The systematic variations, defined as above, reduce the residual
uncertainty and allow a decrease in the corresponding calibration uncertainty by a factor of about two.
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9 Electron and photon energy scale uncertainties

The complete systematic uncertainty model contains 64 and 67 independent uncertainty variations for the
electron and photon energy scales, respectively.

Uncertainties in the material upstream of the calorimeter are derived in Refs. [1-3] from a combination of
detector construction information and in sifu measurements, and are evaluated for up to nine |7| regions.

The uncertainty model for the cell readout non-linearity has been revised with respect to Ref. [2]. The
present analysis considers separate sources of uncertainty for the transitions between High and Medium
gain, and between Medium and Low gain in Layer 2. In the previous analyses, a single uncertainty was
used to cover both gain transitions. In addition, because of the improved strategy for the @j» measurement
(now also using an electron sample), the size of the uncertainty associated with the transition between
High and Medium gain in Layer 1 was re-estimated for the current analysis. The corresponding sources of
uncertainty are considered fully correlated in pseudorapidity.

The presampler calibration and the intercalibration of the first and second accordion layers are estimated
in nine and seven || regions, respectively, with corresponding sources of uncertainty. Uncertainties
corresponding to the Z scale calibration, photon reconstruction and classification, pile-up modelling, and
lateral shower shape development are all fully correlated in pseudorapidity. For the last category, an
exception is the energy scale dependence on the shower width in 77, where the region 1.52 < || < 1.82is
considered to be independent of the rest of the pseudorapidity interval.

The full list of systematic uncertainty sources is summarized in Table 1. The impact of the most significant
ones is illustrated as a function of the electron or photon Et in Figure 18, for two pseudorapidity values.

The uncertainty in the energy resolution is shown in Figure 19 as a function of Er, for electrons and
unconverted photons, at || = 0.3. Only the uncertainty related to the resolution correction (Section 7) was
updated in this analysis with respect to the descriptions provided in Refs. [1-3]. At high Et, the resolution
uncertainties are larger than those presented in Ref. [2], where fixed-size clusters were used for electron
and photon reconstruction. The present clustering algorithm is more sensitive to pile-up fluctuations. This
effect is larger for electrons than for photons.

10 Energy linearity and constraints on the calibration uncertainties

10.1 Energy linearity measurement

In order to test the ET dependence of the energy scale corrections «;, the procedure in Section 7 is repeated
in bins of |n| and Et. Specifically, an extended definition of the calibrated energy is introduced as

Edata,corr — Edata/[(l +Qi)(1 + a,})]’

where the energy scale factors @; are left at their values determined above, and a} quantifies the energy
dependence of the energy scale (in the absence of energy dependence, @’ = 0). The index j labels a
two-dimensional mapping of the electron phase space, with the following bin boundaries:

* 0,0.6, 1.0, 1.37, 1.55, 1.82, 2.47 in ||
« 27,33, 38, 44, 50, 62, 100, v/5/2 in Et [GeV].
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Table 1: List of the independent systematic uncertainties affecting the energy calibration and their division into a
number of |n| regions, between which the uncertainties are not correlated.

Source of uncertainty Methodology Description  Number of
|n7| regions
ID material Run 1 detector construction [1, 3] 4
Pixel services description [2, 3] 2
Material presampler to calorimeter Run 1 measurement with unconv. photon [1, 3] 10
(nl < 1.8) Simulation of long. shower shape unconv. photon [1] 2
Material ID to presampler Run 1 measurement with electrons [L, 3] 9
(n| < 1.8) Simulation of long. shower shape electrons [1] 2
Material ID to calorimeter Run 1 measurement with electrons [1, 3] 3
(| > 1.8) Simulation of long. shower shape electrons [1] 1
All material ID to calorimeter Variations of GEANT4 physics list [1] 1
Cell readout non-linearity ADC non-linearity Section 5.3 1
Medium gain/High gain Layer 2 Section 5.4 1
Low gain/Medium gain Layer 2 Section 5.4 1
Medium gain/High gain Layer 1 [2] 1
Pile-up shift 2] 1
Presampler calibration aps measurement Section 6.1 9
Layer 1/Layer 2 calibration @17 measurement Section 6.2 7
Barrel-endcap gap scintillator Scintillator calibration [2] 3
(1.4 < |n| < 1.6)
Z — ee calibration Statistical uncertainty Section 7 1
Systematic uncertainty Section 7 1
Conversion reconstruction Classification (efficiency and fake rate) Section 8.1 1
Radius dependence of conversion reconstruction  [1] 1
Lateral shower shape modelling Dependence on shower n width [2] 2
Lateral leakage for electrons Section 8.2 1
Lateral leakage for unconv. photons Section 8.2 1
Lateral leakage for conv. photons Section 8.2 1
Pile-up modelling Mis-modelling of pile-up noise vs {u) [3] 1
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Figure 18: Relative energy scale calibration uncertainty for (a, b) electrons, (c, d) unconverted photons and (e, f)
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converted photons, as a function of Et for (a, ¢, e) |g| = 0.3 and (b, d, ) || = 2.1. The total uncertainty is shown
along with the main contributions, which are represented by the signed impact of a one-sided variation of the
corresponding uncertainty. Only a one-sided variation for each uncertainty source is shown for clarity, except for the
uncertainty related to the in situ global energy scale determination with Z — ee candidate events.
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Figure 19: Relative uncertainty in the energy resolution, é - /o~ as a function of Et for (a) electrons and (b) unconverted
photons at || = 0.3. The total uncertainty is shown along with the breakdown into the different contributions.

Events are assigned to a bin j if either one of the two decay electrons falls in this bin, and cx} is varied to
obtain the best agreement between the invariant mass distributions in data and simulation, separately for
each bin j. Since the second electron is distributed randomly, iterations are required and the procedure is
repeated until convergence is reached.

The @’ coefficients are shown in Figure 20 as a function of || and Et. The observed energy dependence is
significant, and is measured with a typical precision of 0.03%, including the effect of systematic variations
as described in Section 7. In the regions 1.37 < |p| < 1.55 and 1.55 < || < 1.82, the precision is about
0.3%. The measurement precision is better than the calibration uncertainty derived in the previous sections,
as can be seen from the outer uncertainty band in Figure 20. The energy linearity measurement can thus be
used to further constrain the uncertainty model, as described in the following.

28



5 x10°3 x10°3

° 4 ATLAS E ° ATLAS E
Vs=13TeV, 140 b 3 Vs=13TeV, 140 fo" 3
3 Inl<0.6 E 06<h <1 =
2 g =
0 —
-2 Pre-fit calibration model E Pre-fit calibration model 7;
-3 E==— Post-fit calibration model = E=== Post-fit calibration model 3
[y Z - ee data E ¢ Z - ee data .
-4 ¢ Jy - eedata = ¢ Jy - eedata 3
_ PR BRI B BT R RS B o b b b by by by 103
5 20 40 60 80 100 120 140 20 40 60 80 100 120 140
E. [GeV] E; [GeV]

-3 -3
ko) 15XJ"O‘ T T T ke ZOXJ"O‘ T T T T
ATLAS ] ATLAS ]
10 Vs =13TeV, 140 fb™ 3 Vs=13TeV, 140 o
1<n| <1.37 d 1.37<|n| <155 =
5 — E

0 ]

-5 ] =
Pre-fit calibration model ] Pre-fit calibration model =
=== Post-fit calibration model ] === Post-fit calibration model 7
-10 ¢ Z - eedata - ¢ Z _ eedata 3
6  Jy - eedata ] ¢ Jy¢ - eedata E
15 e e e e e e b ey 1 e by by by by b 19
15 20 40 60 80 100 120 140 20 40 60 80 100 120 140
Eq [GeV] E [GeV]

-3 -3
5 T T T T4 - 10240, T L T
ATLAS B ATLAS 3
Vs=13TeV, 140 fb* Vs=13TeV, 140 fb* 7
155<n|<1.82 = 1.82<|n <247 -
Pre-fit calibration model E Pre-fit calibration model -
=== Post-fit calibration model 7 === Post-fit calibration model i
¢ Z - eedata = ¢ Z - eedata B
6 JyY - eedata E 6 J Y - eedata =
oy b by by by by 1T o b b b by by by 13
20 40 60 80 100 120 140 20 40 60 80 100 120 140
E; [GeV] E; [GeV]

Figure 20: Comparison of the measured values of @’ with the pre-fit and post-fit linearity models. The full lines
represent the nominal pre- and post-fit models, and the bands represent the corresponding uncertainties. The
measurements in the |77| range corresponding to the barrel-endcap transition regions, 1.37 < || < 1.55, and from the
J /Y — ee analysis are not included in the energy linearity fit. The analysis described in Section 11.1 was repeated
with the present 7 binning to obtain the open dots in these figures.
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10.2 Constraints on the calibration systematic uncertainties

Accounting for the energy scale calibration using Z — ee events, varying a given source of uncertainty by
one standard deviation affects the reconstructed energy of an electron as follows:

Orel Ex(ET, 1) = Arl Ex(ET, 1) — Al EX({ET), 77),

where k labels the source of uncertainty (see Table 1), A Ex(ET, ) represents its fractional impact on
the reconstructed energy, and (ET) ~ 40 GeV is the average transverse energy for electrons produced
in Z-boson decays. The quantities A Ex (ET, 77) are estimated by varying the corresponding sources of
uncertainty in the reconstruction or detector simulation. The Z-based calibration absorbs the systematic
uncertainty effect for electrons with Et = (Et) and leaves the residual effect dye1 Ex (ET, 17). In this model,
the total effect of all systematic variations on the linearity can be parameterized as

7’
Xod,j = Z Orel E jk Ok,
k

where 0. E j is the average of 6,1 Ex(ET,77) over Et and 17 in bin j, and 6y is the normally distributed
nuisance parameter (NP) associated with the source k. The calibration model is fitted to the data by
adjusting the nuisance parameters 6, minimizing the following y?:

X = Z [a“ ~ ¥od. j, (9)] Jish2 [ ~ ¥od 12(9)] Z s 2)

J1,J2
where C is the covariance of the @’ measurements, calculated from the statistical and systematic uncertainties
in the measurement procedure. The model contains 46 nuisance parameters® with the corresponding
constraint terms, and 7x5 measured values of @’. The transition regions between the barrel and endcap
calorimeters are not included in the fit. The nuisance parameters represent uncertainties in the passive

material model, electromagnetic shower shape development, readout electronics calibration and layer
intercalibration; each of these uncertainty classes may be subdivided into up to 12 pseudorapidity regions.

The x> minimization is performed analytically. Denoting the fitted values of the nuisance parameters by 6y
and their post-fit covariance by V, the post-fit linearity and its uncertainty are defined as:

12

Qprod.; = Z5relEjk Ok » 00p0q, = Z OrelE jky Orel E jky Vi ky
ki,ky

For comparison, the pre-fit expressions are ;| Th 0 and 6a;] 6= [ 3 Orel Ejzk] 1 /2‘ The minimization
result is sensitive to the details of the covariance matrix C assigned to the linearity measurements. A global
goodness-of-fit of y2/N = 90/35 is obtained, assuming full correlation of the a/;. systematic uncertainties
across E1 bins within each || bin, but ignoring correlations across |;7| bins. The MC statistical uncertainty
is accounted for in the evaluation of the systematic uncertainties. For |5| bins with a partial y? per degree of
freedom Xt2>in / Npin greater than one, the @’ measurement uncertainties are rescaled by a factor | )(gin / Nbin-

This scaling typically increases the fit uncertainties by 5%. The final goodness-of-fit is y>/N = 41/35,
corresponding to a p-value of 0.22.

6 The full model contains 64 nuisance parameters relevant for the electron energy scale (Section 9). Two of them related to the
final energy scale determination (Section 7) are not part of the 8 and 16 are removed from the fit by a pruning procedure.
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The results of the analysis are illustrated in Figures 20 and 21. With few exceptions, the measured values
of a’,. are well within the initial calibration uncertainties. The fit y in Eq. (2) captures the measured
non-linearities, and reduces the uncertainties by up to a factor of two for Er < 50 GeV, and up to three for
E1 ~ 150 GeV. As can be seen in Figure 21, the reduction in uncertainty is mostly driven by the nuisance
parameters associated with the cell-level non-linearity (ADC corrections, and HG/MG transition) and the
shower development (lateral leakage and shower width). Most other nuisance parameters are typically
constrained by 5%—10%. All nuisance parameter shifts are within the initially assigned uncertainties, with
the exception of a 1.50 effect observed for the presampler calibration in one specific || region.
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Figure 21: Shifts and constraints on the nuisance parameters of the systematic uncertainty model from the energy
linearity fit. A digit after the NP name represents a given n range (a priori different for different NP sources).

The impact of the linearity fit on the electron energy scale uncertainty is illustrated in Figure 22(a) as a
function of E1 and |n|. The precision for electrons with EtT ~ 40 GeV is mostly unchanged, since these
particles are typical of on-shell Z-boson decays and their calibration is essentially determined by the energy
scale analysis in Section 7. Energy scale uncertainties for electrons with Et = 10 GeV or E1 = 1 TeV are
typically reduced by 30%—50%, and vary from 0.2%—-0.3% for || < 1 and |57| > 1.8 to between 0.5% and
1% for 1 < |g| < 1.8.

The impact of the present analysis on photon calibration uncertainties is shown in Figure 22(b) for converted
and unconverted photons, and for Et = 60 GeV, which is typical for photons from Higgs boson decays.
Uncertainties for converted photons, which are experimentally close to electrons, are only moderately
reduced for this energy. For unconverted photons, the energy calibration uncertainty is typically reduced
by 30% in the barrel, and by up to a factor of two in the endcaps.

31



0.008p—T——T——T T
E ATLAS
0.007 {s =13 TeV

—— Unconverted photon, E = 60 GeV
—— Converted photon, E = 60 GeV

ATLAS
Vs =13 TeV

[ — Electron, E; = 10 GeV
— Electron, E; = 40 GeV
— Electron, E; =1 TeV

0.006

1072

0.005

0.004

0.003

Post-linearity-fit uncertainty
Post-linearity-fit uncertainty

-3
10 0.002

0.001}

T S

[T \HHH‘

J

\\‘\:HH‘HH I ‘\\H‘HH‘HH‘HH‘HH

post-fit / pre-fit
post-fit / pre-fit
o
[e2)

%
il

1N
»

{12 14 16 18 2 22

0 0204 0608 1 12 1416 1.8 2 22 24
Inl Inl
(a) (b)

o
o
N
o
»
o
o
o
™

Figure 22: Total relative systematic uncertainty in the energy scale as a function of || for (a) electrons with
Et =10GeV,40 GeV or 1 TeV and (b) photons with Et = 60 GeV, after the constraints from the linearity fit. The
bottom panels show the ratio of the post-fit to pre-fit uncertainties.

11 Calibration cross-checks

11.1 Checks using J /¥ — ee events

The known mass of the J/i resonance provides a completely independent check of the energy calibration
for electrons with transverse energy in the range from 5 to 30 GeV. For this, the full calibration procedure
discussed in the previous sections, including the energy scale derived from Z — ee events, is applied. The
difference between data and simulation for J /iy — ee events is then quantified using residual energy scale
factors extracted from the peak positions of the reconstructed invariant mass. If the energy calibration is
correct, the residual energy scale factors should be consistent with zero within the combined uncertainties
of the J/yy — ee measurement and the systematic uncertainty of the energy calibration.

The event selection requires two tightly identified, loosely isolated, opposite-sign electron candidates with
Et > 5GeV and || < 2.4. The primary vertex must be located within |z| = 150 mm of the IP, and the
dielectron invariant mass must be in the range [1, 5] GeV.

The residual energy scale factors are denoted by a;, where i labels the kinematic bin, and determined as
follows:

* J/y particles can be produced promptly or in b-hadron decays. The hadronic activity surrounding
the decay electrons differs in both cases, biasing the energy-scale determination if the relative event
fractions are not modelled accurately. The prompt fraction is extracted from a fit to the proper
decay-time distribution of the data and is found to be between 76% and 82% depending on the leading
electron’s ET, with uncertainties of up to 4%. The simulated prompt and non-prompt samples are
then combined using the measured fractions.
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* The data are divided into categories depending on the 7 values of the two selected electrons. The n
bin boundaries are -2.4, —1.52, —1.37, -1.0, —-0.8, -0.4, 0, 0.4, 0.8, 1.0, 1.37, 1.52, and 2.4. The
region 1.37 < |n| < 1.52 is not considered for the nominal results. The measurement can also be
performed as a function of Et and integrated in 7. In this case, the Et bin boundaries are 5, 10, 15,
20, and 30 GeV.

* Comparison of the dielectron invariant mass distributions in data and simulation requires the
background contributions to be subtracted from the data sample. The subtraction is performed by
fitting a signal+background distribution to the data, separately in each category. The total distribution
is expressed as the sum of two double-sided Crystal Ball functions to describe the J /¢ and i (2S5)
resonances, and a second-order Chebyshev polynomial to represent the continuum background. The
parameters describing the resonance distributions are fixed to values determined from simulation,
with the exception of the peak positions, which are parameterized using energy scales «; and a;. An
example of an invariant mass fit is shown in Figure 23.

% 900:‘vvv[vvv‘vvv‘vvv[vvv‘vvv[vvv[vvv‘vvv[:
O gooE ATLAS ¢ ¢ Data =
8§ _ F {s=13TeV, 61" — Fitmodel 1
2 700? —J/ ¢ signal E
% 600F W(2S) signal =
o 500; Background é
400F- 3
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200 =
100F 5
G?T-"ffrij\Hm A e . |

A
22 24 26 28 3 32 34 36 38 4
mee [Gev]

Figure 23: An example dielectron invariant mass distribution with the fitted signal, background and ¥ (2S) contribu-
tions. Both electrons are required to have || < 0.4.

* A simultaneous fit to all categories is performed to extract the residual energy scale factors. The
considered systematic uncertainties are related to the modelling of signal and background, the
fitted mass range, the uncertainties in the prompt fraction, and the modelling of the pseudorapidity
distribution of electrons in simulation. The fit is repeated, varying each of the above sources of
uncertainty in turn, and the deviations from the nominal « value are added in quadrature to obtain
the final uncertainty in the measurement.

The results are given in Figure 24, where the evolution of « is shown as a function of (a)  and (b) ET,
before and after including the constraints from the linearity fit. The residual post-fit scale factors are below
0.5% and are compatible with zero within the total calibration uncertainty.

11.2 Checks using Z — {{y events
Radiative Z-boson decay events provide a way to investigate the validity of the final photon energy scale.

The selection requires a Z-boson candidate decaying into two opposite-sign electrons or muons and
a photon from final-state radiation. Electrons (muons) must meet medium identification criteria with
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Figure 24: Variation of the residual energy scale as a function of (a) 7 and (b) ET, as measured with J/yy — ee
events. The data points and uncertainty bands are shown for both the pre- and post-linearity-fit energy scale models.
The uncertainty bands correspond to the energy calibration uncertainty for the energy range of the J/yy — ee decays.

Et > 18 (15) GeV. Tightly identified photons with E1 > 10 GeV are selected. Electrons and photons in the
barrel-endcap transition regions are not considered. Loose isolation requirements are applied to all objects.
The invariant mass of the dilepton+photon system is required to be in the range 80 < m¢¢,, < 100 GeV
and the dilepton invariant mass must be in the range 40 < m¢, < 80 GeV. Figure 25 shows the m¢,
distributions for the (a) dielectron and (b) dimuon channels. The inclusive residual photon energy scale
factors are measured to be (3.3 +2.0) x 1073 and (1.4 + 1.1) x 1073 in the Z — eey and Z — uuy
samples, respectively. This is consistent with the larger offset observed in Figure 25(a) than in Figure 25(b).
The residual scales measured in the two channels agree within one standard deviation. The uncertainties
combine the statistical uncertainty and the systematic uncertainty originating from the uncertainty in the
lepton-energy calibration (see Ref. [38] for a description of the muon momentum scale determination).

To extract the residual photon energy scale, MC templates are compared with the data distribution through
a x? test, for the electron and muon channels independently. These templates are built by modifying the
photon Et by a factor (1 + @), where a is varied from —0.0200 to 0.0200 in steps of 0.0004, and the overall
energy scale residual is given by the template providing the lowest y2. The two channels are compatible
and are statistically combined.

The dependence of @ on the energy and pseudorapidity of the photon is illustrated in Figure 26, separately
for converted photons and unconverted photons. The residual photon energy scales are compared with
the total energy calibration uncertainty for photons from Z — ¢y decays, before and after including the
constraints from the linearity fit. The error bars assigned to the data are typically 0.15%, and are dominated
by the uncertainty in the lepton-energy calibration. As in the J/y analysis, the linearity-constrained
calibration tends to reduce the values of the residual calibration factors, which are found to be within the
corresponding calibration uncertainties. Mild tension is observed for |n| > 1.8, for unconverted photons;
this effect is driven by low-energy photons, and disappears at high Et as indicated by Figure 26(b).
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Figure 26: Variation of the residual energy scale for (a, b) unconverted and (c, d) converted photons as a function of
(a, ¢) |n| and (b, d) ET, as measured with Z — {{y events. The data points and uncertainty bands are shown for
both the pre- and post-linearity-fit energy scale models. The uncertainty bands correspond to the energy calibration
uncertainty for photons from Z — {{y decays.
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12 Conclusion

This paper presents the energy calibration for electrons and photons reconstructed in 140 fb~! of 13 TeV
proton—proton collision data recorded by ATLAS during Run 2 of the LHC. All of the major sources of
uncertainty have been re-evaluated since the previous publications, and new methods are introduced to
further reduce their impact. Improved methods to calibrate energies in the calorimeter cells and layers,
and an improved measurement of lateral energy leakage from reconstructed electron and photon energy
clusters, reduce the a priori calibration uncertainty by about 30%. In addition, a precise measurement of
the energy linearity, using electrons from Z-boson decays, provides a further reduction by about a factor
of two. The overall calibration uncertainty is reduced by a factor of 2—3, depending on the particle type,
pseudorapidity and energy. The achieved calibration uncertainties are typically 0.05% for electrons from
Z-boson decays, 0.4% at Et ~ 10 GeV, and 0.3% at Et ~ 1 TeV; for photons at Et ~ 60 GeV, they are
0.2% on average. These improvements are validated using independent samples of J /¢ — ee decays
and radiative Z-boson decays. The achieved precision is adequate for high-precision measurements of
fundamental parameters such as the masses and properties of the Higgs, W and Z bosons, and is expected
to improve the sensitivity of searches and measurements at the weak scale.
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