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Abstract The energy response of the ATLAS calorimeter
is measured for single charged pions with transverse momen-
tum in the range 10 < pT < 300 GeV. The measurement is
performed using 139 fb−1 of LHC proton–proton collision
data at

√
s = 13 TeV taken in Run 2 by the ATLAS detec-

tor. Charged pions originating from τ -lepton decays are used
to provide a sample of high-pT isolated particles, where the
composition is known, to test an energy regime that has not
previously been probed by in situ single-particle measure-
ments. The calorimeter response to single-pions is observed
to be overestimated by ∼2% across a large part of the pT

spectrum in the central region and underestimated by ∼4%
in the endcaps in the ATLAS simulation. The uncertainties in
the measurements are �1% for 15 < pT < 185 GeV in the
central region. To investigate the source of the discrepancies,
the width of the distribution of the ratio of calorimeter energy
to track momentum, the energies per layer and response in
the hadronic calorimeter are also compared between data and
simulation.
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1 Introduction

The energetic proton–proton (pp) collisions produced by the
Large Hadron Collider (LHC) predominantly result in a large
number of charged and neutral hadrons which form colli-
mated sprays known as jets. In the ATLAS Experiment [1]
the energy of these particles is measured using the calorime-
ters, and a tracking system measures the momentum of the
charged particles. A particle-flow algorithm [2] is used to take
advantage of these two systems in the reconstruction of jets.
The measurement of hadronic energy deposits is essential for
the reconstruction of jets and the jet energy scale calibration
relies on the accurate simulation of hadrons interacting with
the calorimeter [3]. A powerful method of understanding the
calorimeter response to hadrons is to consider the ratio of the
energy reconstructed in the calorimeter to the momentum
measured in the well-aligned tracking detector [4]. Previ-
ously, this was studied using isolated single hadrons from
inclusive pp collisions [5,6]. In this paper, the large dataset
accumulated in Run 2 is exploited to select events with iso-
lated charged pions from τ -lepton decays so that a much
higher energy regime can be probed.

The calorimeter response to electromagnetic particles
such as electrons and photons is very well known due to
their showers being easier to simulate accurately and precise
measurements in situ using Z → ee events. The energy scale
of electrons is therefore known with an uncertainty of less
than 0.1% for transverse momenta 25 < pT < 70 GeV in the
central region [7]. The large variety of physics processes in
hadronic interactions and the non-compensating nature of the
ATLAS calorimeters make the response to hadrons harder to
model in simulation, motivating in situ measurements using
highly energetic single pions from τ -lepton decays.

In this paper the calorimeter response across a wide range
of transverse momenta is investigated. W bosons are pro-
duced copiously at the LHC and can decay via τ -leptons to
single charged pions, providing a source of isolated pions:
W± → τ±(→ π±ντ )ντ . Using the Run 2 dataset recorded
in 2015–2018, large samples of pions are selected in order to
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accurately measure the calorimeter response using the ratio
of calorimeter energy to track momentum. The measured
response is corrected for the contributions from the multiple
pp interactions per bunch crossing and the residual signals
remaining in the calorimeter from adjacent bunch crossings,
contributions collectively referred to as pile-up. The charged-
pion response is measured as a function of track pseudorapid-
ity, ηtrk, across the tracker volume and as a function of track
transverse momentum, ptrk

T , in the barrel and endcaps. The
average particle energy in the highest ptrk

T bin in the endcaps
is 680 (670) GeV in data (simulated data).

Previous measurements of the single-hadron response
using this ratio were performed using 2010 and 2012 data [5,
6]. These measurements focused on special runs with low
instantaneous luminosity and identified isolated tracks from
minimum-bias events. As high-momentum isolated tracks
are not frequently produced in pure QCD interactions due to
the formation of jets which consist of multiple closely spaced
particles, they probed the low-momentum phase space with
p < 30 GeV. Test-beam measurements using the Super Pro-
ton Synchrotron (SPS) probed the response to hadrons with
energies, E , up to 350 GeV [8–12]. For the combined, elec-
tromagnetic and hadronic, barrel calorimeter, the precision
of these measurements ranged from 2.8% at E = 20 GeV
to 1.4% at E = 350 GeV [12]. The uncertainties were dom-
inated by the non-uniformity of the calorimeter, imperfect
knowledge of the effect of the material in front of it, and,
for positive beams, the fraction of protons. In this paper the
response is measured in situ with a pure π± sample. Addi-
tionally, the latest ATLAS detector simulation with updated
geometry [13] and with the latest set of hadronic shower
simulation models (called the physics list [14]) as used in all
recent physics analyses, is used in the comparisons of data
with simulation.

Precise knowledge of the calorimeter response at high pT

is essential for many ATLAS physics analyses. The uncer-
tainty in the energy scale calibration of hadronic jets, the
jet energy scale (JES) [3], is one of the primary experimen-
tal uncertainties in many searches for new physics and in
measurements of Standard Model processes [15–18]. In situ
techniques are used to derive corrections to the transverse
momentum of jets to account for differences between data
and simulation, as well as uncertainties in these corrections.
For the highest-pT jets in the TeV regime, where in situ meth-
ods exploiting pT balance cannot be used due to a lack of
data because of the low cross-section, the determination of
the uncertainties in the momentum relies on measurements
of the calorimeter energy scale from single hadrons. These
are based on the low-momentum in situ measurements, test-
beam results and conservative extrapolations, further moti-
vating this measurement. Also, the calibration of hadroni-
cally decaying τ -leptons relies on these measurements at high
pT [19]. Additionally, measurements of the internal structure

of jets rely on knowledge of the calorimeter energy scale [20].
Likewise, when tagging hadronically decaying heavy parti-
cles [21] the jet substructure variables that are used cannot
be corrected easily for calorimeter scale discrepancies, so
they depend on good modelling of the underlying calorime-
ter energy scale.

The paper is organised as follows. Section 2 introduces the
ATLAS detector, and Sect. 3 describes the dataset and sam-
ples of simulated events. The selection of events for the mea-
surement and the variable of interest are defined in Sect. 4.
The energy response is evaluated in Sect. 5 and uncertain-
ties in the measurements are evaluated in Sect. 6. The width
of the distribution of the variable of interest is measured in
Sect. 7 and the longitudinal segmentation of the calorimeters
is exploited in Sect. 8 to investigate discrepancies between
simulation and data. Finally, the conclusions are presented
in Sect. 9.

2 ATLAS detector

The ATLAS experiment [1,22,23] at the LHC is a multipur-
pose particle detector with a forward–backward symmetric
cylindrical geometry and a near 4π coverage in solid angle.1

It consists of an inner tracking detector surrounded by a thin
superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic and hadronic calorimeters, and a muon
spectrometer.

The inner tracking detector covers the pseudorapidity
range |η| < 2.5. Radially outwards, it consists of silicon
pixel, silicon microstrip, and transition radiation tracking
(TRT) detectors.

Lead/liquid-argon (LAr) sampling calorimeters provide
electromagnetic (EM) energy measurements with high gran-
ularity. A central barrel covers |η| < 1.475 and endcaps
cover 1.375 < |η| < 3.2. A steel/scintillator-tile (Tile)
hadron calorimeter covers the central pseudorapidity range
with one barrel covering |η| < 1 and extended barrels also
covering 0.8 < |η| < 1.7. These are longitudinally seg-
mented in shower depth into three layers. Hadronic calorime-
try in the endcaps (HEC) is provided by a copper/liquid-
argon calorimeter which consists of four layers. The for-
ward regions are instrumented with LAr calorimeters for
both the EM and hadronic energy measurements up to |η| =

1 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 upwards. Polar coordinates (r, φ) are
used in the transverse plane, φ being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2). Angular distance is measured in units of 	R ≡√

(	η)2 + (	φ)2.
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4.9. Additionally pre-sampler and crack scintillators recover
energy lost in non-instrumented regions.

The muon spectrometer surrounds the calorimeters and is
based on three large air-core toroidal superconducting mag-
nets with eight coils each. The field integral of the toroids
ranges between 2.0 and 6.0 T m across most of the detec-
tor. The muon spectrometer includes a system of precision
tracking chambers and fast detectors for triggering.

A two-level trigger system is used to select events [24].
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 trigger
that reduces the accepted event rate to 1 kHz on average,
depending on the data-taking conditions.

An extensive software suite [25] is used for real and sim-
ulated data reconstruction and analysis, for operation and in
the trigger and data acquisition systems of the experiment.

3 Data and samples of simulated events

The pp collision data analysed were recorded with the
ATLAS detector from 2015 to 2018 at a centre-of-mass
energy,

√
s, of 13 TeV. The average number of pp inter-

actions per bunch crossing was 33.72 and it varied from
≈ 10 to ≈ 65. Events were selected by missing transverse
momentum (Emiss

T ) triggers [27]. After the application of
data-quality requirements [28], the data sample corresponds
to an integrated luminosity of 139 fb−1 with an uncertainty
of 1.7% [26] obtained using the LUCID-2 detector [29] for
the primary luminosity measurements.

Samples of simulated events created using Monte Carlo
techniques are used to model the Standard Model processes.
The main signal processes are W (→ τντ )+jets and top pair
production (t t̄), with smaller signal contributions from sin-
gle top production and small background contributions from
W (→ eνe, μνμ)+jets and Z(→ νν)+jets. Other processes
are cross-checked with simulated event samples and found
to be negligible.

The production of W+jets and Z+jets was simulated with
the Sherpa 2.2.1 [30,31] generator using matrix elements
(MEs) with next-to-leading-order (NLO) accuracy for up to
two jets, and matrix elements with leading-order accuracy for
up to four jets, calculated with the Comix [32] and Open-

Loops [33,34] libraries. They were matched with theSherpa
parton shower [35] using the MEPS@NLO prescription [36–
39] with the set of tuned parameters (tune) developed by the
Sherpa authors. All polarisation effects in τ -lepton produc-
tion were retained by using a full matrix element calculation,

2 The average number of pp interactions per bunch crossing is calcu-
lated in data using the instantaneous per bunch luminosity [26] and a
reference inelastic cross section which we take to be 80 mb.

and were propagated to its decay in the HADRONS++ mod-
ule, which implements intermediate hadronic resonances and
spin-correlation effects. The NNPDF3.0nnlo set of parton
distribution functions (PDFs) [40] was used and the samples
are normalised to a next-to-next-to-leading-order (NNLO)
prediction [41].

The production of t t̄ and single-top-quark events was
modelled using the Powheg Box v2 [42–45] generator
at NLO with the NNPDF3.0nlo [40] set of PDFs. These
events were processed with Pythia 8.230 [46] using the
A14 tune [47] and the NNPDF2.3lo set of PDFs [48]. The
decays of bottom and charm hadrons were modelled using the
EvtGen 1.6.0 [49] program. In t t̄ events the hdamp param-
eter3 was set to 1.5mtop [50]. The t t̄ process is normalised
to the inclusive cross-section calculation at NNLO in QCD
including the resummation of next-to-next-to-leading loga-
rithmic (NNLL) soft-gluon terms from Top++2.0 [51–57].
The single-top-quark production processes are normalised to
the inclusive cross-sections calculated at NLO in QCD with
NNLL soft-gluon corrections [58,59]. For single top quark
production in the Wt-channel events, the diagram removal
scheme [60] was used to remove overlap with t t̄ production.
In all samples the top quark mass is 172.5 GeV.

To study the generator dependence of the analysis an
alternative sample of QCD W+jets events was simulated
by MadGraph5_aMC@NLO 2.2.2 [61] using LO-accurate
MEs with up to four final-state partons and the NNPDF3.0nlo
set of PDFs. The events were interfaced toPythia8.186 [62],
with the A14 tune using the NNPDF2.3lo PDF set, for the
modelling of the parton shower, hadronisation, and underly-
ing event. The overlap between matrix element and parton
shower emissions was removed using the CKKW-L merging
procedure [63,64]. The decays of bottom and charm hadrons
were performed by EvtGen 1.2.0 [49].

All samples were passed through a detailed simula-
tion of the ATLAS detector [65] based on Geant4 [66].
The modelling of hadron interactions was done by the
FTFP_BERT_ATL [14] physics list. In this physics list the
Bertini cascade model [67] is used for hadrons with energy
below 12 GeV, and the Fritiof string model [68,69] for
hadrons with energy above 9 GeV. The probability of using
each model changes smoothly across the region of overlap.

Furthermore, simulated inclusive inelastic pp collisions
were overlaid to model additional pile-up collisions in the
same and neighbouring bunch crossings. These were gen-
erated with Pythia 8.210 [46] with the A3 tune [70] and
NNPDF2.3lo PDF set.

3 The hdamp parameter is a resummation damping factor and one of the
parameters that controls the matching of Powheg matrix elements to
the parton shower and thus effectively regulates the high-pT radiation
against which the t t̄ system recoils.
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4 Event selection, observables and response extraction

Events are selected using the properties of reconstructed
objects to obtain a high-purity sample of W± → τ±(→
π±ντ )ντ decays which are used to measure the calorimeter
response. The calorimeter energy associated with the track is
summed and a fit to the energy divided by the track momen-
tum is performed to extract the calorimeter response. The
reconstructed objects used to form the variable of interest
are described as follows:

• Charged-pion tracks are reconstructed by an iterative
track-finding algorithm seeded by measurements in the
silicon layers of the inner detector [71,72]. The precise
alignment of the inner detector ensures that these tracks
are accurately reconstructed with a residual sagitta bias
and momentum scale bias of less than 0.1 TeV−1 and
0.9 × 10−3 respectively [4].

• Calorimeter topoclusters are clusters of connected
calorimeter cells throughout both the EM and hadronic
calorimeters. They are seeded from cells with recon-
structed energy significantly above the noise [73]. Their
energy is the sum of the energies of the constituent cells,
which are calibrated at the electromagnetic scale. This
scale is defined such that the response to electromagnetic
showers is correctly calibrated in all calorimeters. Due to
the non-compensating nature of the ATLAS calorimeters,
the response to hadronic showers is expected to be lower
such that they will be under-calibrated. Single particles
can form multiple topoclusters [2], so when measuring
the response all clusters in both the EM and hadronic
calorimeters within a region are summed.

Additionally, various other reconstructed particles and observ-
ables are used in the event selection:

• Electrons are reconstructed from tracks and calorime-
ter energy deposits. They are identified through a log-
likelihood discriminant based on the track properties and
the shower shape in the calorimeter. Electrons are iden-
tified with the Loose working point and require pT >

10 GeV and |η| < 2.47 [74].
• Muons are reconstructed using combined fits of inner

detector and muon spectrometer tracks and are required
to meet the Medium identification criteria and have pT >

10 GeV and |η| < 2.7 [75]. The momentum scale and
resolution for muons are precisely calibrated and mea-
sured using the Z -boson and J/ψ resonances [76].

• Jets are reconstructed for the purpose of building the
missing transverse momentum, Emiss

T . Particle-flow
objects [2] are clustered using the anti-kt algorithm [77]
with radius parameter R = 0.4 using the FastJet pack-
age [78] and are calibrated to the scale of jets built from

the momentum of the stable interacting particles enter-
ing the simulation using the same algorithm. During the
calibration sequence, corrections are applied to mitigate
the effects of pile-up, and jets in data are corrected for
residual differences between data and simulation mea-
sured in situ using various pT-balance techniques [3].
Calibrated jets are required to have pT > 20 GeV. Jets
originating from pile-up are rejected using inner-detector
information [79].

• Emiss
T is reconstructed from the vector sum of the

momenta of the hard objects described above and a soft
term formed from tracks matched to the primary ver-
tex (PV)4 of interest but not associated with any hard
object [81].

The event selection is based on the above reconstructed
particles and observables, and is designed to obtain a high-
purity sample of W± → τ±(→ π±ντ )ντ events with the
following properties:

1. Emiss
T > 150 GeV in addition to being selected by the

missing transverse momentum trigger.
2. A leading track with pT > 10 GeV and |η| < 2.5 satis-

fying the following criteria:

• The sum of the pT of other tracks, matched to the PV,
within a cone of size 	R = 0.3 around the track is
less than 2 GeV.

• The track’s longitudinal impact parameter, measured
relative to the PV, is less than 1.5 mm.

• The track’s transverse impact parameter, measured
relative to the beamline, is less than 0.5 mm.

• The track satisfies the tight criteria for hits in the sili-
con pixel and microstrip detectors [82].

• The χ2 per degree of freedom of the track fit is less
than 1.5.

• Several TRT hits are used in the track fit if the track
is within |η| < 2.0.

3. There are no reconstructed electrons or muons within
	R = 0.4 of the leading track.

4. At least 15% of the total energy of all topoclusters within
	R = 0.15 of the track is deposited in the hadronic
calorimeters.

5. There are less than two muon spectrometer track seg-
ments [75] within 	R = 0.15 of the track.

6. The track does not point at any region of the Tile calorime-
ter that had defects during that time period.

4 The primary vertex is the reconstructed vertex [80] with the highest
summed p2

T of tracks associated with it.
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7. To reduce backgrounds where the reconstructed track is
not from W± → τ±(→ π±ντ )ντ , the transverse mass5

of the leading track and the Emiss
T satisfiesmT < 100 GeV,

or mT < 90 GeV if ptrk
T < 30 GeV, or mT < 80 GeV if

ptrk
T < 20 GeV.

8. The transverse impact parameter of the track relative to
the beamline is greater than: 0.04 mm if ptrk

T < 16 GeV,
0.03 mm if 16 < ptrk

T < 20 GeV, and 0.02 mm if
20 < ptrk

T < 30 GeV. No criteria is applied to tracks
with ptrk

T > 30 GeV. This exploits the lifetime of the τ -
lepton to reduce backgrounds where the track is from a
QCD process.

The first criterion ensures that the selected events are in the
well-understood region of the Emiss

T trigger efficiency where
it is not rapidly changing with respect to Emiss

T . The track-
ing criteria select isolated tracks associated with the primary
vertex that have a large number of hits to measure the momen-
tum. The TRT hit requirements and the criterion for the χ2

per degree of freedom of the track fit ensure that the track
reconstruction uses the large lever arm within the TRT vol-
ume and that the track fit is of good quality. The third, fourth
and fifth criteria reject tracks that are formed from electrons,
muons and converted photons. The final two criteria reject
events where the track does not originate from a τ -lepton;
such backgrounds are only significant at low ptrk

T . They utilise
the expected displacement of the track owing to the τ -lepton
lifetime and the expected upper bound on the transverse mass
at the W boson mass.

After this selection the sample has a high purity of W± →
τ±(→ π± + ντ )ντ events with the most significant back-
ground being W± → τ±(→ π± + nπ0 + ντ )ντ events.
For each track the transverse energy of the clusters within a
fixed cone with 	R = 0.15 of the track, taking into account
the effect of the magnetic field, is summed. The ratio of this
summed transverse energy of all clusters, in all calorimeters,
at the electromagnetic scale to the track pT forms the vari-
able of interest, EEM

T /ptrk
T . Based on the simulation, it is not

expected that the event selection will bias the response sig-
nificantly and the selection criteria are varied to check that
the results of the analysis are not sensitive to the specific
selection criteria.

The summed calorimeter energy deposit is corrected for
pile-up contributions. Following the methodology used in
the calibration of jets, the measured median pT density in
the y–φ plane of the event, ρ [3,83], scaled by the area of
the cone within which we sum clusters, A = π × 0.152,
is subtracted. After this subtraction there is a small residual
pile-up dependence which is subtracted using the average

5 The transverse mass is defined by mT =
√

2ptrk
T Emiss

T [1 − cos(	φ)],
where 	φ is the angle in the azimuthal plane between the Emiss

T direction
and the track.

number of interactions per bunch crossing, μPU, and the gra-
dient, α, determined from simulation as a function of |η|:
α(|η|) × μPU. Only one residual correction is applied com-
pared to two in the calibration of jets as the pile-up contri-
butions are much smaller in this case due to the smaller area
considered. This methodology is different from the previous
single-hadron response measurement in a low pile-up envi-
ronment [5,6], where pile-up and physics backgrounds were
both subtracted. In this analysis the pile-up is subtracted but
the physics background is included in the functional fit.

Events are selected according to their ptrk
T and |ηtrk| values

to probe the different regions of phase space. Figure 1 shows
the distribution of the variable of interest, EEM

T /ptrk
T , for six

of the (ptrk
T , |ηtrk|) bins. Due to differences in the EEM

T /ptrk
T

scale and resolution between simulation and data, some clear
discrepancies are seen in the data-to-MC ratio.

The primary background is from events with τ -leptons
which decay to a charged pion, π±, and at least one neu-
tral pion, π0. In the calorimeter, more energy will be recon-
structed from this process for the same track momentum due
to the electromagnetic shower from the π0, which predom-
inantly decays as π0 → γ γ . This results in an upper tail
in the EEM

T /ptrk
T distribution. Other single-charged-particle

τ -lepton decays, such as τ± → K±ντ , also contribute at a
lower level.

The aim of this analysis is to extract the mean and width
of a Gaussian function fitted to the W± → τ±(→ π±ντ )ντ

signal in the core of the EEM
T /ptrk

T distribution to probe the
calorimeter response and resolution. To extract this, the dis-
tribution is fit with the sum of a Gaussian function and another
function that describes the background from all processes
other than W± → τ±(→ π±ντ )ντ . The functional form of
this second term is taken to be a Landau function [84]. This
is chosen empirically as it is seen to accurately capture the
shape of the background. The range of the fit is then taken as
the mean, μπ± , of a Gaussian function describing EEM

T /ptrk
T

for signal in simulation minus 1.5 times its width, σπ± , to 2,
i.e. [(μπ± − 1.5σπ±), 2]. The combined Gaussian+Landau
function is fit to the distribution in data and simulation. In
both cases the shape of the Landau function is fixed from
a fit to the background processes in simulation. The three
parameters of the Gaussian signal and the normalisation of
the Landau function are allowed to float in the final fit. The
mean of the Gaussian function gives the calorimeter response
scale and the width of the Gaussian function measures the
resolution of EEM

T /ptrk
T , which contains components from

both the calorimeter and track reconstruction. Figure 1 shows
the functions fitted to data and simulation in six of the (ptrk

T ,
|ηtrk|) bins, and the extracted mean and width of the Gaussian
function are displayed.
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Fig. 1 Examples of the EEM
T /ptrk

T distribution and fit performed in
the 16 < ptrk

T < 20 GeV (top), 30 < ptrk
T < 50 GeV (middle) and

100 < ptrk
T < 150 GeV (bottom) bins in the barrel (left) and endcaps

(right). The data are shown by points with a stacked histogram for simu-
lation. The component where τ -leptons decay to multiple charged pions
is small and difficult to see. The red fits correspond to simulation and
the yellow fits correspond to data. Both the fits to the full distribution

of a Gaussian+Landau function and just the Landau component from
this fit are shown. The uncertainties shown are those from the statistics
of the dataset and the limited Monte Carlo sample size. The bottom
panel shows the ratio of data to simulation with statistical error bars on
the data points and a yellow band illustrating the statistical uncertainty
of the simulation. The simulation is normalised to the integral of the
data
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5 Calorimeter response measurement and comparison
with simulation

The data are binned in both the track pT and track |η| to
probe the calorimeter response at different momenta and in
different regions. The calorimeter response is expected to
vary significantly across |η| due to the geometry and differ-
ent calorimeter technologies. In the central region there is a
large region which is expected to have a uniform response
due to similar calorimeter structures up to |η| = 0.7. As the
rejection of muons is more difficult at |η| ∼ 0 a barrel selec-
tion region is defined by 0.1 < |η| < 0.7. In this region
there is a high-granularity liquid-argon/lead electromag-
netic calorimeter and a steel/scintillator hadronic calorimeter.
Another uniform detector region exists in the endcap region
of 1.8 < |η| < 2.4, where there is liquid-argon/lead elec-
tromagnetic calorimetry and liquid-argon/copper hadronic
calorimetry. Due to differences in technology and material
in the two regions, differences in the modelling might be
expected. To study the response across the detector, results
are shown for three ptrk

T bins: 30 < ptrk
T < 50 GeV,

50 < ptrk
T < 70 GeV and 70 < ptrk

T < 100 GeV, as a
function of |ηtrk|.

Figure 2 shows the fitted response for the barrel and end-
cap regions defined above, as a function of the track pT.
Clear differences are seen between the data and simulation
in both regions, with a ∼2% overestimate of the response
in simulation in the barrel and a ∼4% underestimate of the
response in simulation in the endcaps relative to the data. The
data/MC differences also follow the same trends as seen in
the jet response in these two regions [3]. It is checked that the
fits give a reasonable χ2 per degree of freedom and are sta-
ble when the fitting range and binning of the data are altered.

These plots only show the uncertainties from the limited num-
ber of events in the samples, and systematic uncertainties are
discussed in the next section. At the highest energies the
steeply falling momentum spectrum and the increasing track
resolution produces a bias in the measured track momen-
tum compared to the true pion transverse momentum, ptrue

T ,
resulting in the distribution flattening in both data and simula-
tion. The biases in simulation from 〈ptrk

T /ptrue
T 〉 in the central

(endcap) region for the highest three ptrk
T bins are [0.2%,

0.8%, 1.7%] ([1.7%, 4.7%, 10.8%]).
Figure 3 shows the fitted response across the detector in

fine |ηtrk| bins for the three different ptrk
T bins which have the

most events. The calorimeter structure is clearly seen and the
simulation follows the data, but some differences are present.
The largest disagreements are ∼5% in the 1.0 < |ηtrk| < 1.2
region. When the two sides of the detector are analysed inde-
pendently the same trends are seen in the response. Addition-
ally, when the analysis is performed separately for positively
and negatively charged tracks consistent results are seen. In
this energy regime the responses to π+ and π− are expected
to be very similar and this check also tests the alignment of
the inner detector as alignment errors would have different
effects on positive and negative tracks.

6 Uncertainties in the response measurement

Several different effects could bias the measurements of the
calorimeter response scale. These include uncertainties in
the methodology of the fitting procedure, the backgrounds
entering the event selection, the corrections for the effects of
pile-up, and the modelling of tracks. The methods used to
assess each of the different sources are described below and

Fig. 2 The fitted mean of the signal EEM
T /ptrk

T distribution as a function of the track pT in the central region (left) and endcap region (right). The
error bars and uncertainty band show only the statistical uncertainties from the size of the dataset and simulated samples respectively
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Fig. 3 The fitted mean of the signal EEM
T /ptrk

T distribution as a function of the track |ηtrk| in three different ptrk
T bins. The error bars and uncertainty

band show only the statistical uncertainties from the size of the dataset and simulated samples respectively

are then summarised in Figs. 4 and 5. All uncertainties which
are determined from a difference with respect to the nominal
result are symmetrised.

Fit function (closure): A Gaussian+Landau fit to the signal
and background is used to extract the calorimeter response
scale. This is quantified in simulation by the difference
between the fitted mean obtained from a Gaussian fit to just
the signal W± → τ±(→ π±ντ )ντ events and the fitted
mean of the Gaussian function obtained from a combined
Gaussian+Landau fit to the simulated signal and background.
This closure test is seen to perform very well, showing that
the Landau function choice is appropriate. The difference
between the two values obtained is taken as a systematic
uncertainty of the measurement. It is found to be subdomi-
nant and typically at the ∼0.2% level.

Bias in the fitted background shape: The shape of the
background is taken from a fit to simulation, which could
be biased relative to the shape in data. The background is
primarily W± → τ±(→ π±nπ0ντ )ντ events. Imperfec-
tions in the simulation of the shape of this background can
come from detector effects such as the energy response to the
charged and neutral pions, or from the energy spectra of the
charged and neutral pions as modelled by the MC generator.
The energy scale and resolution for electromagnetic showers,
such as those from π0 → γ γ decays, has been measured in
ATLAS [74] and is known better than that for the hadronic
showers probed here. The impact of detector mismodelling
is tested by shifting or smearing the simulated response and
evaluating the change in the fit when it is applied to data
with the altered background shape. The hadronic response is
shifted down (up) by 3% (5%) in the central (endcap) region,
and separately smeared to increase the resolution by 10%.
These values are determined from the discrepancies between
data and simulation observed in this analysis. The smearing
in the central region, and scale variation in the endcaps, pro-
duce significant uncertainties in the final results. To assess

the modelling of the shape an alternative generator is used for
the W+jets background; no significant impact on the shape
is seen, so this is neglected. Therefore, the uncertainty in the
shape of the fitted background is dominated by the detector
modelling.

Electron and muon contamination: Contamination from
electrons and muons is expected to be small: less than 0.4%
and 0.7% respectively. The residual contamination is tested
by tightening the criteria to reject these events: requiring the
fraction of energy in the hadronic calorimeters to be >20%,
and that there are no associated muon segments. Changes
in the measured response in data define the uncertainty for
muons. For electrons the difference between the changes in
the measured response in data and simulation defines the
uncertainty because the hadronic energy fraction cut can also
bias the signal. Both of these uncertainties are found to be
smaller than the statistical uncertainties of the measurement.

Non-lepton backgrounds: There is a small amount of back-
ground where the track does not originate from a lepton. The
Z(→ νν)+jets contamination can be reduced by a tighter
selection on the transverse mass of the track and the Emiss

T .
The deviation from the nominal response when the upper
bound on mT is reduced by 10 GeV is taken as an uncer-
tainty in this background. Additionally, the deviation from
the nominal response when events with mT < 10 GeV are
excluded is taken as an uncertainty in the potential contam-
ination from events where the Emiss

T comes from detector
effects. These are also found to be smaller than the statistical
uncertainties.

Pile-up uncertainties: Two uncertainties in the subtrac-
tion of the contributions from pile-up are considered. Non-
linearities in the required corrections can lead to imperfec-
tions in the removal of the effects of pile-up. The closure of
the pile-up corrections is tested by taking half the difference
between the responses for two large single-particle samples
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with different pile-up, 〈μPU〉 ∼ 20 and 〈μPU〉 ∼ 50, after the
corrections. Additionally, the pile-up residual correction is
determined from simulation where pile-up might not be well
modelled. Studies of the μPU dependence of the median pT

density of the event, ρ, the number of clusters, and the cell
energy and noise find that the modelling of the energy flow
in the simulation is within 10%–20% of the data across the
detector. Therefore, 25% of the residual correction is taken
as an uncertainty in the modelling of pile-up, which forms a
minor uncertainty in the analysis. In data it is checked that the
fitted response is stable with respect to pile-up by splitting
the dataset into two independent datasets via high pile-up
and low pile-up selections based on μPU, and also into three
independent datasets, and no significant differences given the
statistical uncertainties are seen in the measured response.

Tracking uncertainties: Any bias in the momentum scale
of the reconstructed tracks directly affects the measure-
ment. Muons are precisely calibrated using Z → μμ and
J/ψ → μμ events. The analysis selection is modified by
removing the mT and transverse impact parameter require-
ments and requiring that a reconstructed muon is matched to
the isolated track. The pT of the track and muon are obvi-
ously correlated but fits to ptrk

T /pμ
T probe the inner-detector

track scale relative to the calibrated muons. Two components
are considered, the uncertainty in the calibration of muons
and the statistical uncertainties of this cross-calibration, as
none of the deviations of simulation from data are signifi-
cant. Additionally, differences in the track resolution can bias
the measurement because of the underlying falling ptrk

T spec-
trum. The uncertainty in the momentum resolution of tracks
is determined using the muons as described in Ref. [85].
Tracks are smeared to increase the resolution in simulation
within the uncertainties and the impact on the parameter of
interest is symmetrised and taken as an uncertainty.

The various systematic uncertainties are smoothed [86]
across pT as they are expected to vary smoothly. Across
|η|, changes in the detector technology could result in sharp
changes in the size of the systematic uncertainties. However,
no such variations are seen, so the systematic uncertainties
are also smoothed in the measurements as a function of |η|.
The statistical components in data and simulation are not
smoothed. The statistical uncertainty of the data is the largest
uncertainty component in much of the phase space covered
by the analysis.

Figure 4 shows the uncertainty from each source as a func-
tion of track pT for the central and endcap regions. The uncer-
tainty from imperfect knowledge of the background width
(scale) in the central (endcap) region, and pile-up uncertain-
ties in the endcap region, are the only uncertainties that are
larger than the statistical uncertainty of the dataset or the sim-
ulated event samples in certain bins. The pile-up uncertainties
have some importance at low pT, and the tracking uncertain-

ties grow at large track momentum. Overall, in the central
region the total uncertainty is �1% for 20 < pT < 200 GeV
and reaches <0.6% in the most precise region. The test-
beam uncertainties are about 2% in the barrel region [12],
demonstrating the power of this in situ technique. In the end-
caps the uncertainties are slightly larger but are �1% for
30 < pT < 100 GeV. Figure 5 shows the uncertainties in
the measurements as a function of |ηtrk|. The uncertainties
are slightly larger due to the limited number of events in the
smaller bins used to make fine calorimeter structures visible,
but are otherwise dominated by the same sources as in the
measurements as a function of pT.

Having established the full uncertainties in the measure-
ment, a calibration can be derived which can form an input to
the high-pT jet uncertainties [3] and also to the scale uncer-
tainties for hadronic τ -lepton decays [19]. Figure 6 shows
the measured data to simulation ratio of the response and
its uncertainty in different ptrk

T bins in the central and end-
cap regions. It is expected that such a calibration will be
smooth across pT. The same procedure as used for the jet
energy scale is used [3,87] to translate the binned measure-
ments and uncertainties into smooth uncertainty eigenvec-
tors and a smooth calibration curve. Each of the measure-
ments is divided into finer bins of 0.1 GeV using second-
order polynomial splines. The final calibration curve is deter-
mined by smoothing the measurements with a Gaussian ker-
nel of varying width. Each individual uncertainty compo-
nent is treated as correlated across pT and is then propagated
through the same procedure after varying it by 1σ . The dif-
ference between the calibration curve with the shifted sys-
tematic uncertainty input and the nominal calibration curve
is taken as 1σ in the varied uncertainty. Each uncertainty
source is treated as correlated across pT and uncorrelated
with all other sources of uncertainty. This smoothing pro-
cedure reduces statistical fluctuations in the central values
and in each propagated uncertainty component. Therefore,
the final uncertainties are slightly smaller than those for the
corresponding individual measurement points. The resulting
smooth calibration curve and uncertainty band are shown in
Fig. 6.

Figure 7 shows the data/MC ratio as a function of |ηtrk|
for the three measured pT ranges along with the associ-
ated uncertainties. As the changes in detector technology can
result in sharp features in the calibration as a function of |ηtrk|
a smooth calibration curve is not derived for these results.

7 Width of the EEM
T / ptrkT distribution

The width of the EEM
T /ptrk

T distribution probes the resolu-
tion of both the tracker and the calorimeter; however, the
tracking component is relatively small outside of the high-
est energy bins. The width will also contain components
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Fig. 4 The various systematic uncertainties which affect the measurement of the calorimeter energy scale for charged pions as a function of ptrk
T

in the central (left) and endcap (right) regions

Fig. 5 The various systematic uncertainties which affect the measurement of the calorimeter energy scale for charged pions as a function of |ηtrk|
for three ptrk

T ranges: 30 < ptrk
T < 50 GeV, 50 < ptrk

T < 70 GeV and 70 < ptrk
T < 100 GeV

Fig. 6 The measured data to simulation ratio of the response as a func-
tion of ptrk

T for the barrel (left) and endcaps (right). Points represent the
different measurement bins with their total uncertainty from both the

statistical and systematic sources. Also shown is the smooth calibration
curve with its associated uncertainties
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Fig. 7 The measured data to simulation ratio of the response as a
function of |ηtrk| for the three ptrk

T ranges: 30 < ptrk
T < 50 GeV,

50 < ptrk
T < 70 GeV and 70 < ptrk

T < 100 GeV. Inner error bars repre-

sent uncertainties from limited sample size and the outer error bars give
the total uncertainty including both the statistical errors and systematic
uncertainties

from the modelling of pile-up noise falling into the region
of the calorimeter considered in the measurement. These can
be reliably corrected for in measurements of the scale, but
the effect on the resolution is much harder to mitigate, so
the level of agreement between simulation and data, which
both include these effects, is considered. The increase in the
width of EEM

T /ptrk
T due to the effects of pile-up is measured

by looking at the difference between the width in two sim-
ulated samples with 〈μPU〉 ∼ 20 and 〈μPU〉 ∼ 50. For
the central (endcap) region the difference is found to be
8% (16%) for 16 < ptrk

T < 20 GeV and 3% (12%) for
30 < ptrk

T < 150 GeV. The impact of mismodelling the
pile-up is expected to be small for most of the ptrk

T spec-
trum since the simulation includes pile-up and should cap-
ture most of the effect. Figure 8 shows the relative width of
the EEM

T /ptrk
T distribution as a function of track pT in the

central and endcap regions. In the central region the simula-
tion shows about 10% better resolution than the data, while
in the endcaps the level of agreement is generally better. The
relative width across |η| is shown for three ptrk

T bins in Fig. 9.
In both figures the resolution for tracks selected in simulation
is found to contribute significantly at high momentum, but
across much of the spectrum it is significantly smaller than
the calorimeter contributions, indicating that the discrepan-
cies between simulation and data are more likely due to the
simulation of the calorimeter response.

In the central region where the statistical uncertainties are
lower, 30 < ptrk

T < 150 GeV, it is possible to check if any
of the systematic effects considered in Sect. 6 could be the
source of the discrepancies. The closure of the fits to obtain
the width of the signal component is very good, with differ-
ences only at the level of �2% at ptrk

T of 30 GeV and �1%
above 50 GeV. Tightening the selections to reject electrons
and muons has a minimal effect on the measured resolution,
�0.5%. Shifting the response scale of the background and

smearing the background response are each seen to change
the resolution in data by �1% in this region of phase space.
Tightening the criteria to reject non-lepton backgrounds also
results in small changes of �0.5% beyond 30 GeV. There-
fore, resolution discrepancies of ∼10% between data and
simulation are significant in this ptrk

T range compared to the
potential systematic effects on the extraction of the EEM

T /ptrk
T

width. Below 30 GeV the fit closure grows to up to 6% and
the uncertainties related to the fitted background shape and
the non-lepton backgrounds all increase to �1.5%, so that at
low momentum the discrepancies are less significant.

This supports the observation in the jet resolution mea-
surement using pT balance in dijet events that the resolution
in simulation is slightly superior to that in data [3] at medium
to high pT and this is therefore an area where it is desirable
to improve the simulation.

8 Measurements of the longitudinal energy profile and
late showering particles

The longitudinal segmentation of the calorimeter into layers
can be used to gain insight into the cause of the discrepan-
cies in the scale and resolution between data and simulation.
Backgrounds can bias any measurements of average energies
deposited in a single layer. In the electromagnetic calorimeter
the main background, τ± → π± + nπ0 + ντ , will result in
significant biases as the π0 → γ γ showers will be contained
within the electromagnetic calorimeter. Therefore, only the
energy deposited in the hadronic calorimeter layers is consid-
ered, although these measurements are still slightly biased by
this background through selection effects because the events
are required to pass the hadronic energy fraction require-
ment. The hadronic calorimeter is less affected by pile-up
since low-momentum hadrons are often contained within the
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Fig. 8 The fitted width divided by the mean of the signal EEM
T /ptrk

T
distribution as a function of the track pT in the central region (left) and
endcap region (right). Also shown is the fitted width of the track pT
divided by the generator-level pT for true τ → π±ντ events in simu-

lation to give an illustration of the contribution to the total width from
the resolution of reconstructed tracks. The uncertainties shown are only
those from the limited number of events in the dataset and simulated
samples

Fig. 9 The fitted width divided by the mean of the signal EEM
T /ptrk

T
distribution as a function of the track |η| in three ptrk

T ranges: 30 <

ptrk
T < 50 GeV, 50 < ptrk

T < 70 GeV and 70 < ptrk
T < 100 GeV. Also

shown is the fitted width of the track pT divided by the generator-level

pT for true τ → π±ντ events in simulation to give an illustration of
the contribution to the total width from the resolution of reconstructed
tracks. The uncertainties shown are only those from the limited number
of events in the dataset and simulated samples

electromagnetic calorimeter in addition to the pile-up parti-
cles that produce electromagnetic showers.

Figure 10 shows the average energy deposited in each
layer of the hadronic calorimeter divided by the track momen-
tum in the barrel and endcap regions as a function of the track
pT. Events are required to have 0.2 < EEM

T /ptrk
T < 1.1 to

select events across the full response and also minimise the
contribution from backgrounds. An arithmetic mean of all
the selected events is used because the distribution of the
energy in an individual layer is not expected to have a Gaus-
sian shape. It can be seen that in the barrel the simulation
overestimates the relative energy in the hadronic calorimeter
by 3-5% across the pT spectrum and this is the case in all

layers, although most of the energy is contained within the
first two layers. In the endcap region the amount of energy in
the hadronic layers is slightly underestimated overall. This
is driven by an underestimation of the energy in the first
layer. Both of these features are in line with the results in
Sect. 5; however, the magnitude of the difference in the
energy deposited does not explain the size of the effect seen
in the total response, indicating that there is mismodelling
either in both the electromagnetic and hadronic calorimeters
or in the length of the shower, or in a combination of these
or other effects. The results are seen to be largely unaffected
by pile-up. These results can be used for the tuning of the
detector simulation.
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Fig. 10 The average energy within each hadronic layer normalised to
the track momentum as a function of track pT in the barrel (left) and
endcaps (right). Also shown are the ratios of the sum of energies in
all layers of the hadronic calorimeter to the track momentum. Data are

required to have 0.2 < EEM
T /ptrk

T < 1.1 to primarily select single-pion
events. Shown in the lower panel is the ratio of data to simulation. The
error bars and uncertainty band show the uncertainties from the limited
number of events in the dataset and simulated samples

Fig. 11 The fitted response as a function of track pT in the barrel (left)
and endcaps (right) after requiring the fraction of the associated energy
that is in the hadronic calorimeters to satisfy f had > 85%. The error bars

and uncertainty band show the uncertainties from the limited number
of events in the dataset and simulated samples respectively

A second method of using the longitudinal segmentation
to probe the sources of the discrepancies is to select events
where the pion traverses the electromagnetic calorimeter as a
minimally ionising particle before showering in the hadronic
calorimeter layers. Such events are characterised by having a
very large fraction of their energy in the hadronic calorime-
ter. Selecting events in which more than 85% of the summed
cluster energy is in the hadronic calorimeters, f had > 85%,
allows the data-to-MC response ratio to be probed in the
hadronic calorimeters. Figure 11 shows the fitted response

after applying this selection criterion in the barrel and endcap
regions. In the barrel region the data-to-MC response ratio
is seen to be similar to the inclusive response ratio; how-
ever, larger discrepancies are seen in the endcaps after this
selection, with the difference between data and simulation
increasing from ∼4% to ∼8%. This suggests that the simu-
lation models hadronic showers in the hadronic calorimeter
less accurately in the endcaps than in the inclusive case.
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9 Conclusion

The energy response of the ATLAS calorimeter has been
measured across a wide range of pion momenta with high
precision using an innovative technique based on isolated
charged pions from the process W± → τ±(→ π± + ντ )ντ .
The calorimeter response is observed to be overestimated
by ∼2% in the central region and underestimated by ∼4%
in the endcaps in the ATLAS simulation. This supports the
observations in the measurement of the jet energy scale,
which show a similar structure across the calorimeter [3].
The precision of the measurement of the response is �1%
for 15 < pT < 185 GeV (20 < pT < 100 GeV) in the
central (endcap) regions, and is <0.6% in the most precise
region, 20 < pT < 120 GeV in the barrel.

The width of the EEM
T /ptrk

T distribution has also been
investigated. This measurement convolves the tracking and
calorimeter resolutions. For this quantity the simulation is
found to agree with the data to within 15%; however, the data
are generally observed to have a wider distribution. Finally,
the average energy in the layers of the hadronic calorime-
ter was probed as a method of investigating the cause of the
discrepancies between the simulation and the data. These
measurements will be used in the tuning of the ATLAS sim-
ulation to further improve the hadron shower modelling and
detector geometry.

This powerful new method of measuring the hadronic
energy response of the ATLAS calorimeter can achieve a pre-
cision of �1% for the response of the calorimeter to charged
pions. This detailed understanding of the response of the
calorimeter can be used in gaining better understanding of
the jet energy scale, its uncertainty for the highest-pT jets,
the energy scale of hadronically decaying τ -leptons, and in
measuring the properties of jets.
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X. Wu52 , Y. Wu58a , Z. Wu58a,139 , J. Wuerzinger129 , T. R. Wyatt97 , B. M. Wynne48 , S. Xella38 , L. Xia13c ,
M. Xia13b, J. Xiang60c , X. Xiao102 , M. Xie58a , X. Xie58a , I. Xiotidis151, D. Xu13a , H. Xu58a, H. Xu58a ,
L. Xu58a , R. Xu131 , T. Xu58a , W. Xu102 , Y. Xu13b , Z. Xu58b , Z. Xu148 , B. Yabsley152 , S. Yacoob31a ,
N. Yamaguchi85 , Y. Yamaguchi159 , M. Yamatani158, H. Yamauchi163 , T. Yamazaki16 , Y. Yamazaki80 , J. Yan58c,
S. Yan129 , Z. Yan23 , H. J. Yang58c,58d , H. T. Yang16 , S. Yang58a , T. Yang60c , X. Yang58a , X. Yang13a ,
Y. Yang158 , Z. Yang58a,102 , W-M. Yao16 , Y. C. Yap44 , H. Ye13c , J. Ye40 , S. Ye27 , I. Yeletskikh77 ,
M. R. Yexley87 , P. Yin37 , K. Yorita173 , K. Yoshihara76 , C. J. S. Young50 , C. Young148 , R. Yuan58b,i ,
X. Yue59a , M. Zaazoua33e , B. Zabinski82 , G. Zacharis9 , E. Zaid48, A. M. Zaitsev118,ae , T. Zakareishvili154b ,
N. Zakharchuk32 , S. Zambito34 , D. Zanzi50 , S. V. Zeißner45 , C. Zeitnitz176 , J. C. Zeng167 , D. T. Zenger Jr24 ,
O. Zenin118 , T. Ženiš26a , S. Zenz90 , S. Zerradi33a , D. Zerwas62 , B. Zhang13c , D. F. Zhang13b , G. Zhang13b ,
J. Zhang5 , K. Zhang13a , L. Zhang13c , M. Zhang167 , R. Zhang175 , S. Zhang102, X. Zhang58c , X. Zhang58b ,
Z. Zhang62 , P. Zhao47 , Y. Zhao140 , Z. Zhao58a , A. Zhemchugov77 , Z. Zheng148 , D. Zhong167 ,
B. Zhou102, C. Zhou175 , H. Zhou6 , N. Zhou58c , Y. Zhou6, C. G. Zhu58b , C. Zhu13a,13d , H. L. Zhu58a ,

123

http://orcid.org/0000-0003-2674-9274
http://orcid.org/0000-0003-2445-1132
http://orcid.org/0000-0003-2433-231X
http://orcid.org/0000-0003-4666-3208
http://orcid.org/0000-0001-8777-0590
http://orcid.org/0000-0002-8262-1577
http://orcid.org/0000-0002-1027-1213
http://orcid.org/0000-0002-1824-034X
http://orcid.org/0000-0002-4603-2070
http://orcid.org/0000-0001-8127-9653
http://orcid.org/0000-0003-1129-9792
http://orcid.org/0000-0003-2911-8910
http://orcid.org/0000-0003-0822-1206
http://orcid.org/0000-0002-5507-7924
http://orcid.org/0000-0001-9898-480X
http://orcid.org/0000-0001-6485-2227
http://orcid.org/0000-0001-9128-6080
http://orcid.org/0000-0001-5543-6192
http://orcid.org/0000-0002-0902-491X
http://orcid.org/0000-0002-9820-1729
http://orcid.org/0000-0002-8224-6105
http://orcid.org/0000-0002-6127-5847
http://orcid.org/0000-0001-5913-0828
http://orcid.org/0000-0001-6204-4445
http://orcid.org/0000-0001-9500-2487
http://orcid.org/0000-0001-7688-5165
http://orcid.org/0000-0002-7997-8524
http://orcid.org/0000-0003-1041-9131
http://orcid.org/0000-0001-8249-7150
http://orcid.org/0000-0002-5151-7101
http://orcid.org/0000-0001-6938-5867
http://orcid.org/0000-0001-7878-6435
http://orcid.org/0000-0002-8761-4632
http://orcid.org/0000-0002-6632-0440
http://orcid.org/0000-0002-2119-8875
http://orcid.org/0000-0002-9104-2884
http://orcid.org/0000-0002-8965-6676
http://orcid.org/0000-0001-8157-6711
http://orcid.org/0000-0002-2055-4364
http://orcid.org/0000-0001-8212-6894
http://orcid.org/0000-0002-5865-183X
http://orcid.org/0000-0001-6307-1437
http://orcid.org/0000-0001-5384-3843
http://orcid.org/0000-0002-7672-7754
http://orcid.org/0000-0001-6506-3123
http://orcid.org/0000-0002-0726-5648
http://orcid.org/0000-0001-8740-796X
http://orcid.org/0000-0001-6131-5725
http://orcid.org/0000-0002-8363-1072
http://orcid.org/0000-0001-6828-1599
http://orcid.org/0000-0002-0410-0055
http://orcid.org/0000-0002-9813-7931
http://orcid.org/0000-0001-8130-7423
http://orcid.org/0000-0002-1646-0621
http://orcid.org/0000-0002-1384-286X
http://orcid.org/0000-0002-3274-6531
http://orcid.org/0000-0003-2005-595X
http://orcid.org/0000-0002-2209-8198
http://orcid.org/0000-0002-7633-8441
http://orcid.org/0000-0002-0887-7953
http://orcid.org/0000-0001-5032-7907
http://orcid.org/0000-0002-4241-8937
http://orcid.org/0000-0003-1950-0307
http://orcid.org/0000-0002-7110-8065
http://orcid.org/0000-0001-9584-0392
http://orcid.org/0000-0001-8703-6978
http://orcid.org/0000-0001-6729-1584
http://orcid.org/0000-0003-1492-5007
http://orcid.org/0000-0001-9362-8451
http://orcid.org/0000-0001-9931-2896
http://orcid.org/0000-0002-0486-9569
http://orcid.org/0000-0003-2044-6539
http://orcid.org/0000-0002-9776-5880
http://orcid.org/0000-0002-5510-1111
http://orcid.org/0000-0002-6782-1941
http://orcid.org/0000-0002-5496-349X
http://orcid.org/0000-0002-3953-3117
http://orcid.org/0000-0002-2254-125X
http://orcid.org/0000-0002-7227-4006
http://orcid.org/0000-0002-7969-0301
http://orcid.org/0000-0001-7074-5655
http://orcid.org/0000-0003-2684-276X
http://orcid.org/0000-0001-6581-9410
http://orcid.org/0000-0001-9055-4020
http://orcid.org/0000-0003-3453-6156
http://orcid.org/0000-0001-6814-4674
http://orcid.org/0000-0002-9866-6040
http://orcid.org/0000-0002-2814-1337
http://orcid.org/0000-0001-7820-9144
http://orcid.org/0000-0001-6733-4310
http://orcid.org/0000-0002-0697-5808
http://orcid.org/0000-0002-0734-4442
http://orcid.org/0000-0003-1017-1295
http://orcid.org/0000-0001-8415-0759
http://orcid.org/0000-0002-3285-7004
http://orcid.org/0000-0003-1631-2714
http://orcid.org/0000-0002-5551-3546
http://orcid.org/0000-0002-9780-099X
http://orcid.org/0000-0003-0855-0958
http://orcid.org/0000-0002-1351-6757
http://orcid.org/0000-0001-5284-2451
http://orcid.org/0000-0003-2432-3309
http://orcid.org/0000-0003-1827-2955
http://orcid.org/0000-0002-5956-4244
http://orcid.org/0000-0002-2598-2659
http://orcid.org/0000-0002-3368-3413
http://orcid.org/0000-0002-3713-8033
http://orcid.org/0000-0001-8209-4757
http://orcid.org/0000-0002-3228-6715
http://orcid.org/0000-0001-8060-2228
http://orcid.org/0000-0001-5468-2025
http://orcid.org/0000-0002-8884-7112
http://orcid.org/0000-0003-4378-5736
http://orcid.org/0000-0002-0235-1053
http://orcid.org/0000-0002-4233-7563
http://orcid.org/0000-0001-8669-9139
http://orcid.org/0000-0002-6966-5081
http://orcid.org/0000-0002-7223-2965
http://orcid.org/0000-0002-7011-9432
http://orcid.org/0000-0002-5102-9140
http://orcid.org/0000-0002-1596-2611
http://orcid.org/0000-0002-6497-6809
http://orcid.org/0000-0002-0237-292X
http://orcid.org/0000-0002-6270-9176
http://orcid.org/0000-0002-9181-8048
http://orcid.org/0000-0002-0048-4602
http://orcid.org/0000-0002-4839-6281
http://orcid.org/0000-0002-5338-8972
http://orcid.org/0000-0002-6779-5595
http://orcid.org/0000-0001-8832-0313
http://orcid.org/0000-0001-9156-970X
http://orcid.org/0000-0003-0097-123X
http://orcid.org/0000-0003-2987-3772
http://orcid.org/0000-0003-0672-6868
http://orcid.org/0000-0002-3429-4778
http://orcid.org/0000-0003-4032-0079
http://orcid.org/0000-0001-8899-4027
http://orcid.org/0000-0001-8757-2180
http://orcid.org/0000-0002-7110-8516
http://orcid.org/0000-0001-8474-5357
http://orcid.org/0000-0001-8178-8503
http://orcid.org/0000-0002-7561-204X
http://orcid.org/0000-0003-2541-4827
http://orcid.org/0000-0001-5415-5225
http://orcid.org/0000-0003-4477-9733
http://orcid.org/0000-0001-8083-0001
http://orcid.org/0000-0002-6251-1178
http://orcid.org/0000-0003-3208-9209
http://orcid.org/0000-0003-3473-7038
http://orcid.org/0000-0003-0472-3516
http://orcid.org/0000-0002-8600-9799
http://orcid.org/0000-0002-9198-5911
http://orcid.org/0000-0002-6324-8551
http://orcid.org/0000-0003-0616-7330
http://orcid.org/0000-0002-8438-7753
http://orcid.org/0000-0002-5808-6228
http://orcid.org/0000-0002-7385-6139
http://orcid.org/0000-0002-9039-8758
http://orcid.org/0000-0001-8535-4809
http://orcid.org/0000-0002-0385-3784
http://orcid.org/0000-0001-8972-3026
http://orcid.org/0000-0003-2482-711X
http://orcid.org/0000-0001-9116-055X
http://orcid.org/0000-0002-8487-8480
http://orcid.org/0000-0003-3952-8139
http://orcid.org/0000-0002-5246-5497
http://orcid.org/0000-0002-6730-1524
http://orcid.org/0000-0002-5059-8456
http://orcid.org/0000-0001-9839-608X
http://orcid.org/0000-0001-8530-6487
http://orcid.org/0000-0002-5821-4875
http://orcid.org/0000-0002-1152-2221
http://orcid.org/0000-0002-7184-9891
http://orcid.org/0000-0002-1444-6260
http://orcid.org/0000-0002-6229-1945
http://orcid.org/0000-0002-2411-7399
http://orcid.org/0000-0001-5173-2234
http://orcid.org/0000-0003-2693-3442
http://orcid.org/0000-0002-0928-2070
http://orcid.org/0000-0002-8178-5705
http://orcid.org/0000-0002-2298-7315
http://orcid.org/0000-0002-5162-533X
http://orcid.org/0000-0001-5530-9919
http://orcid.org/0000-0002-8268-8325
http://orcid.org/0000-0001-7052-7973
http://orcid.org/0000-0002-9724-2684
http://orcid.org/0000-0002-0753-7308
http://orcid.org/0000-0003-0872-8920
http://orcid.org/0000-0002-6700-7608
http://orcid.org/0000-0002-8659-5767
http://orcid.org/0000-0002-2770-9031
http://orcid.org/0000-0003-1710-4298
http://orcid.org/0000-0002-2841-1616
http://orcid.org/0000-0001-9725-2316
http://orcid.org/0000-0002-5158-307X
http://orcid.org/0000-0003-2165-871X
http://orcid.org/0000-0002-5129-872X
http://orcid.org/0000-0002-6456-6834
http://orcid.org/0000-0002-8678-893X
http://orcid.org/0000-0003-1623-3899
http://orcid.org/0000-0002-4375-5265
http://orcid.org/0000-0002-4770-377X
http://orcid.org/0000-0001-9971-0077
http://orcid.org/0000-0002-8192-8999
http://orcid.org/0000-0002-9383-8763
http://orcid.org/0000-0002-9507-1869
http://orcid.org/0000-0003-0714-1466
http://orcid.org/0000-0001-8315-9778
http://orcid.org/0000-0001-5474-4580
http://orcid.org/0000-0002-2005-3113
http://orcid.org/0000-0002-2711-4820
http://orcid.org/0000-0003-3605-3633
http://orcid.org/0000-0003-1995-9185
http://orcid.org/0000-0001-9232-4827
http://orcid.org/0000-0001-6219-8946
http://orcid.org/0000-0002-5035-8102
http://orcid.org/0000-0002-8483-9502
http://orcid.org/0000-0002-7092-3500
http://orcid.org/0000-0002-5646-1856
http://orcid.org/0000-0001-6174-401X
http://orcid.org/0000-0002-4120-1453
http://orcid.org/0000-0001-5038-1399
http://orcid.org/0000-0001-9473-7836
http://orcid.org/0000-0001-8290-3200
http://orcid.org/0000-0001-9606-7688
http://orcid.org/0000-0002-0688-3380
http://orcid.org/0000-0002-4368-9202
http://orcid.org/0000-0002-7402-369X
http://orcid.org/0000-0001-9184-2921
http://orcid.org/0000-0002-9588-1773
http://orcid.org/0000-0001-5975-8164
http://orcid.org/0000-0002-6620-6277
http://orcid.org/0000-0002-3865-4996
http://orcid.org/0000-0003-4273-6334
http://orcid.org/0000-0003-1171-0887
http://orcid.org/0000-0002-3298-4900
http://orcid.org/0000-0002-3173-0802
http://orcid.org/0000-0001-5866-1504
http://orcid.org/0000-0001-7655-389X
http://orcid.org/0000-0002-1528-4865
http://orcid.org/0000-0002-5392-902X
http://orcid.org/0000-0002-4055-218X
http://orcid.org/0000-0001-9690-2997
http://orcid.org/0000-0001-9895-4475
http://orcid.org/0000-0002-0988-1655
http://orcid.org/0000-0003-3073-3662
http://orcid.org/0000-0002-7684-8257
http://orcid.org/0000-0002-1344-8723
http://orcid.org/0000-0001-6707-5590
http://orcid.org/0000-0001-6473-7886
http://orcid.org/0000-0001-6355-2767
http://orcid.org/0000-0001-6110-2172
http://orcid.org/0000-0001-8997-3199
http://orcid.org/0000-0002-1928-1717
http://orcid.org/0000-0002-0215-6151
http://orcid.org/0000-0001-5661-1917
http://orcid.org/0000-0001-9563-4804
http://orcid.org/0000-0001-9571-3131
http://orcid.org/0000-0001-9602-4901
http://orcid.org/0000-0002-2680-0474
http://orcid.org/0000-0001-6977-3456
http://orcid.org/0000-0002-6885-282X
http://orcid.org/0000-0002-3725-4800
http://orcid.org/0000-0003-2123-5311
http://orcid.org/0000-0003-0411-3590
http://orcid.org/0000-0003-3710-6995
http://orcid.org/0000-0002-1512-5506
http://orcid.org/0000-0002-2483-4937
http://orcid.org/0000-0001-7367-1380
http://orcid.org/0000-0003-3554-7113
http://orcid.org/0000-0002-0204-984X
http://orcid.org/0000-0002-4996-1924
http://orcid.org/0000-0002-1452-9824
http://orcid.org/0000-0002-9201-0972
http://orcid.org/0000-0001-8524-1855
http://orcid.org/0000-0002-7374-2334
http://orcid.org/0000-0002-3335-1988
http://orcid.org/0000-0001-8939-666X
http://orcid.org/0000-0002-4886-9851
http://orcid.org/0000-0001-9274-707X
http://orcid.org/0000-0002-7864-4282
http://orcid.org/0000-0003-0586-7052
http://orcid.org/0000-0002-1827-9201
http://orcid.org/0000-0003-2174-807X
http://orcid.org/0000-0003-1988-8401
http://orcid.org/0000-0002-3656-2326
http://orcid.org/0000-0001-5858-6639
http://orcid.org/0000-0003-3268-3486
http://orcid.org/0000-0002-8452-0315
http://orcid.org/0000-0001-6956-3205
http://orcid.org/0000-0002-4105-2988
http://orcid.org/0000-0001-5626-0993
http://orcid.org/0000-0002-3156-4453
http://orcid.org/0000-0002-4961-8368
http://orcid.org/0000-0001-7909-4772
http://orcid.org/0000-0002-4963-8836
http://orcid.org/0000-0002-4499-2545
http://orcid.org/0000-0002-1222-7937
http://orcid.org/0000-0002-9037-2152
http://orcid.org/0000-0003-2280-8636
http://orcid.org/0000-0002-2029-2659
http://orcid.org/0000-0002-4867-3138
http://orcid.org/0000-0002-5447-1989
http://orcid.org/0000-0001-8265-6916
http://orcid.org/0000-0002-9720-1794
http://orcid.org/0000-0001-9101-3226
http://orcid.org/0000-0002-4198-3029
http://orcid.org/0000-0002-9726-6707
http://orcid.org/0000-0001-7335-4983
http://orcid.org/0000-0002-5706-7180
http://orcid.org/0000-0002-9907-838X
http://orcid.org/0000-0002-9778-9209
http://orcid.org/0000-0002-9336-9338
http://orcid.org/0000-0001-8659-5727
http://orcid.org/0000-0002-8265-474X
http://orcid.org/0000-0003-4731-0754
http://orcid.org/0000-0003-4341-1603
http://orcid.org/0000-0002-7853-9079
http://orcid.org/0000-0003-0054-8749
http://orcid.org/0000-0003-0494-6728
http://orcid.org/0000-0001-6758-3974
http://orcid.org/0000-0002-3360-4965
http://orcid.org/0000-0002-8323-7753
http://orcid.org/0000-0001-9377-650X
http://orcid.org/0000-0001-5904-7258
http://orcid.org/0000-0002-7986-9045
http://orcid.org/0000-0002-1775-2511
http://orcid.org/0000-0001-8015-3901
http://orcid.org/0000-0002-5918-9050
http://orcid.org/0000-0001-8479-1345


223 Page 26 of 31 Eur. Phys. J. C (2022) 82 :223

H. Zhu13a , J. Zhu102 , Y. Zhu58a , X. Zhuang13a , K. Zhukov107 , V. Zhulanov117a,117b , D. Zieminska63 ,
N. I. Zimine77 , S. Zimmermann50,* , J. Zinsser59b, M. Ziolkowski146 , L. Živković14 , A. Zoccoli21a,21b ,
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