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Abstract This paper presents the reconstruction of missing
transverse momentum (pmiss

T ) in proton–proton collisions, at
a center-of-mass energy of 13 TeV. This is a challenging task
involving many detector inputs, combining fully calibrated
electrons, muons, photons, hadronically decaying τ -leptons,
hadronic jets, and soft activity from remaining tracks. Pos-
sible double counting of momentum is avoided by applying
a signal ambiguity resolution procedure which rejects detec-
tor inputs that have already been used. Several pmiss

T ‘work-
ing points’ are defined with varying stringency of selections,
the tightest improving the resolution at high pile-up by up
to 39% compared to the loosest. The pmiss

T performance is
evaluated using data and Monte Carlo simulation, with an
emphasis on understanding the impact of pile-up, primarily
using events consistent with leptonic Z decays. The studies
use 140 fb−1 of data, collected by the ATLAS experiment
at the Large Hadron Collider between 2015 and 2018. The
results demonstrate that pmiss

T reconstruction, and its associ-
ated significance, are well understood and reliably modelled
by simulation. Finally, the systematic uncertainties on the
soft pmiss

T component are calculated. After various improve-
ments the scale and resolution uncertainties are reduced by
up to 76% and 51%, respectively, compared to the previous
calculation at a lower luminosity.
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1 Introduction

Missing transverse momentum (pmiss
T , also referred to as

Emiss
T or MET) is a crucial observable for the ATLAS exper-

iment at the Large Hadron Collider (LHC). It is an experi-
mental proxy for the transverse momentum carried by unde-
tected particles produced in proton–proton (pp) collisions
recorded by the ATLAS detector [1]. As such, the pmiss

T is
the magnitude of the 2-dimensional momentum vector, pmiss

T ,
defined transverse to the proton beam direction. The pmiss

T
in a given collision event is constructed, using the princi-
ple of momentum conservation, from the reconstructed hard
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objects1 and recorded tracks in the final state. A non-zero
value of ‘real’ pmiss

T can indicate not just the production of
Standard Model (SM) neutrinos, but potentially the produc-
tion of certain beyond-SM particles like dark matter, which
are stable on detector scales and would escape ATLAS unde-
tected. Reconstructing pmiss

T is a challenging pursuit, since
all detector subsystems are involved, and a highly unam-
biguous representation of all of the hard objects formed in
the hard scatter interaction of interest is required – including
calorimeter, tracker and muon spectrometer signals. This rep-
resentation is obscured by detector resolution and acceptance
limitations, object mis-measurement, calibration errors, and
signal remnants from additional pp interactions occurring
in the same – or neighbouring – LHC bunch crossings rela-
tive to the triggered hard-scatter event (pile-up). All of these
effects cause ‘fake’ pmiss

T , which ATLAS aims to minimise.
To date, ATLAS’s approaches to pmiss

T reconstruction have
prioritised minimising the impact of pile-up. These were
designed based on the data recorded between 2010 and 2012
(Run 1) [2,3], and substantially re-developed using data col-
lected in 2015 (the first year of Run 2), as described in Ref.
[4]. These approaches provide a basis for the pmiss

T recon-
struction utilised for the full 2015–2018 dataset (Run 2),
described in this paper alongside evaluations of its perfor-
mance and systematic uncertainties. In comparison to Run 1,
there are two major improvements in pmiss

T reconstruction:
first, the move from using calorimeter to tracker information
to form the soft component of the pmiss

T as default increases
pile-up resilience. Second, the change to a dynamic approach
to pmiss

T reconstruction – such that it is calculated based on the
choice of reconstructed and calibrated hard objects consid-
ered in any given analysis – leads to more consistency within
an analysis and pmiss

T reconstruction to exploit any improve-
ments to hard object calibrations. The second development is
discussed in more detail in Ref. [5]. Furthermore, improve-
ments since early Run 2 [4] come from the introduction of the
particle flow jet algorithm [6], which combines calorimeter
and tracking information, and the development of multiple
pmiss

T working points, which place varying requirements on
jets used to build the pmiss

T to reduce pile-up contamination,
and are each better-suited to different event topologies. Mov-
ing from the loosest to tightest working point improves the
pmiss

T resolution by 14–39% for Z → μμ MC simulated
events with average interactions per bunch crossing exceed-
ing 30. This is countered by a degradation in pmiss

T response
up to 15%, and an increase in pmiss

T bias from 7–35%, in
Z → μμ MC simulated events when changing from the
loosest to tightest working point. The modelling and per-
formance of pmiss

T is studied in event topologies that permit

1 ‘Hard objects’ here refer to the outputs of reconstruction algorithms
applied to detector signals, which are candidates to be electrons, muons,
jets, hadronically-decaying taus, and photons.

a focus on the impacts of pile-up, fake pmiss
T and the new

developments related to jets. The larger dataset allows for
more consideration of the dependence of systematic uncer-
tainties in the scale and resolution of the soft component of
the pmiss

T on the component of pmiss
T built from hard objects.

The uncertainty values in Z → ee events reduce through-
out the kinematic range considered, in comparison to pre-
liminary results in Ref. [7] when using particle flow, with
these improvements. Scale uncertainties are reduced by up
to 76% and resolution uncertainties are reduced by up to
51%. Finally, a sophisticated pmiss

T significance variable was
also developed using an object-based approach which sig-
nificantly improves discrimination between events with real
and fake pmiss

T . This variable has been widely used in ATLAS
searches, for example Refs. [8,9].

This paper is organised as follows. A brief overview of the
ATLAS detector is provided in Sect. 2. The data and Monte
Carlo simulation samples used in the paper are detailed in
Sect. 3, followed by an outline of the hard object and event
selections used in Sects. 4 and 5 respectively. The reconstruc-
tion of pmiss

T , and other kinematic variables associated with
it, is described in Sect. 6. The results of pmiss

T performance
studies are presented in Sect. 7. In Sect. 8, the methodology of
the pmiss

T systematic uncertainties calculation, and the results
of their measurement, are detailed. Finally, the pmiss

T signifi-
cance is introduced – and its performance studied – in Sect. 9.

2 ATLAS detector

The ATLAS experiment [1] at the LHC is a multi-purpose
particle detector with a forward-backward symmetric cylin-
drical geometry and a near 4π coverage in solid angle.2 It
consists of an inner tracking detector (ID) surrounded by
a thin superconducting solenoid providing a 2T axial mag-
netic field, electromagnetic and hadron calorimeters, and
a muon spectrometer (MS). The ID covers the pseudora-
pidity range |η| < 2.5. It consists of silicon pixel, sili-
con microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide elec-
tromagnetic (EM) energy measurements with high granular-
ity. A hadron (steel/scintillator-tile) calorimeter covers the
central pseudorapidity range |η| < 1.7. The end-cap and for-
ward regions are instrumented with LAr calorimeters for both

2 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) and is equal to the rapidity y = 1
2 ln

(
E+pzc
E−pzc

)
in

the relativistic limit. Angular distance is measured in units of �R ≡√
(�y)2 + (�φ)2.
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EM and hadronic energy measurements up to |η| = 4.9. The
MS surrounds the calorimeters and is based on three large
air-core toroidal superconducting magnets with eight coils
each. The field integral of the toroids ranges between 2.0
and 6.0T m across most of the detector. The MS includes
a system of precision tracking chambers and fast detectors
for triggering. 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 reduce the
accepted rate to at most nearly 100kHz. This is followed by
a software-based trigger that reduces the accepted event rate
to 1kHz on average depending on the data-taking conditions.
An extensive software suite [10] is used in data simulation,
in the reconstruction and analysis of real and simulated data,
in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and simulation samples

The proton–proton collisions analysed in this paper were col-
lected between 2015 and 2018, at a centre-of-mass energy
of

√
s = 13 TeV and a 25 ns inter-bunch spacing. They

correspond to an integrated luminosity of 140 fb−1, with
an uncertainty of 0.83% [11] obtained using the LUCID-
2 detector [12] for the primary luminosity measurements,
complemented by measurements using the inner detector and
calorimeters.

In any given data-taking period, the unprescaled single-
lepton triggers with the lowest pT, ID or isolation thresholds
were used [13–15]. These thresholds ranged from 20 GeV
to 140 GeV, with the lowest trigger threshold for electrons
(muons) at pT = 24 GeV (pT = 20 GeV). The offline lep-
ton selection was kept more stringent than the trigger-level
requirement to ensure that trigger efficiencies are constant.

Simulated events are used to model the SM processes con-
sidered in this paper. The Monte Carlo (MC) simulated events
were processed through a full simulation of the ATLAS
detector [16] based on Geant4 [17]. All samples used are
listed in Table 1 along with the relevant parton distribution
function (PDF) sets used for the matrix element (ME) and
parton shower (PS), the configuration of underlying-event
and hadronisation parameters (tune), and the cross-section
order in αs (and αEW if corrections are used) used to nor-
malise the event yields for these samples. Further informa-
tion on the ATLAS simulations of t t̄ , single-top-quark (Wt),
multiboson and vector-boson plus jets processes can be found
in the relevant public notes [18–21].

The effect of pile-up in the same and neighbouring bunch
crossings was modelled by overlaying the simulated hard-
scattering event with inelastic proton–proton events gener-
ated with Pythia8.186 [22] using the NNPDF2.3lo set of
parton distribution functions (PDF) [23] and the A3 set of
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tuned parameters [24]. The MC samples were reweighted so
that the distribution of the average number of interactions
per bunch crossing reproduces the observed distribution in
the data.

4 Object selection

This section describes the hard object selection for building
pmiss

T for the performance studies in this paper. It is empha-
sised that other ATLAS papers may use different selection
requirements to define the hard objects used to reconstruct
pmiss

T , which is made possible by the sophisticated software
model described in Ref. [5]. Photons and hadronically decay-
ing τ -leptons (τhad) can be included in the pmiss

T calculation,
as described in Sect. 6. However, since this paper focuses on
topologies where they aren’t featured (to instead focus on the
impact of jets, pile-up and fake pmiss

T ), they aren’t included
here.

ID hits are used to reconstruct tracks originating from a
particular collision vertex [47]. Both the tracks themselves
and the vertices they are associated with must satisfy basic
quality requirements to be accepted, detailed in Ref. [47].
Tracks are required to have pT > 400 MeV. Vertices are
constructed from at least two tracks that satisfy requirements
on the transverse impact parameter |d0| < 1.5 mm, and for
the longitudinal impact parameter |z0 sin θ | < 1.5 mm, rela-
tive to the candidate vertex. A requirement is also placed on
the number of hits in the ID. Amongst the primary vertices
in a given event, that with the largest sum of p2

T of tracks
associated with it is defined as the hard-scatter vertex. Typ-
ically, each event has many reconstructed primary vertices
(NPV), and so NPV can be used as a measure of the amount
of pile-up coming from other collisions in the same bunch
crossing (in-time pile-up). In comparison, the average num-
ber of interactions per bunch crossing (μ) – averaged over
data in a time interval with assumed constant experimental
conditions – relates more to the out-of-time pile-up coming
from collisions in neighbouring bunch crossings.

Electrons are reconstructed using calibrated EM calorime-
ter clusters of energy depositions which are matched to
an ID track. A likelihood-based identification algorithm is
built using both the calorimeter and tracking information,
as described in Ref. [48]; electrons are required to satisfy
the Tight Working Point defined therein. In addition, elec-
trons must have pT > 25 GeV and |η| < 1.37 or 1.52 <

|η| < 2.47. To ensure consistency with the hard-scatter
vertex, their impact parameters must satisfy |d0| < 5.0
mm and |z0 sin θ | < 0.5 mm. Finally, contributions from
semileptonic hadron decays and jets misidentified as elec-
trons are minimised by applying pT-dependent isolation
requirements: the Tight Working Point is used, as defined
in Ref. [48].

Muon reconstruction combines ID tracks with muon spec-
trometer (MS) tracks, and requires that muons possess pT >

25 GeV and |η| < 2.5. The number of hits in the ID and MS
sub-detectors – along with the significance of the charge-to-
momentum ratio – are used to create the muon identifica-
tion algorithm [49]. Muons must satisfy the Medium iden-
tification Working Point defined in Ref. [49]. To suppress
muons originating from secondary vertices, the muons’ trans-
verse impact parameters must satisfy |d0| < 3.0 mm and
|z0 sin θ | < 0.5 mm. As with electrons, isolation require-
ments are applied to reduce contributions from semileptonic
hadron decays and misidentified jets. These are defined in
Ref. [49], considering for this paper the Tight_VarRad
isolation working point.

The default reconstruction algorithm supported for jets in
ATLAS is Particle Flow (PFlow) [6]. This combines informa-
tion from both the calorimeters and ID to provide improved
performance compared with reconstructing jets solely from
calorimeter information. A second – calorimeter-based –
algorithm, EMTopo [50], was previously the default algo-
rithm, and is still used in a few cases such as long-lived
particle searches where PFlow’s track use is suboptimal.
More details of EMTopo jets, and the modelling and perfor-
mance that result from using them to build pmiss

T , are given
in Appendix B.

Particle Flow jets [6] combine ID and calorimeter mea-
surements to reconstruct the energy flow of the event to
improve jet energy resolution at low pT. Three-dimensional
topological clusters (topo-clusters) of calorimeter energy
deposits are used. Tracks are used to calculate an estimate for
the momentum in cases when the tracker resolution is better
than the calorimeter resolution, avoiding use of calorimeter
energy deposits stemming from charged pile-up. The algo-
rithm produces two kinds of jet constituent objects from the
topo-clusters and tracks: charged particle flow objects which
each derive primarily from one ID track associated with the
hard-scatter vertex, and neutral particle flow objects each
derived from a topo-cluster. The anti-kt algorithm [51] is
used with a radius parameter of R = 0.4, taking the charged
and neutral particle flow objects as inputs. The algorithm also
improves the jet reconstruction efficiency and increases the
accuracy of the jet direction in the (η, φ) plane.

Requirements of pT > 20 GeV and |η| < 4.5 are made on
the calibrated PFlow jets. After reconstruction and calibra-
tion, PFlow jets with pT < 60 GeV and |η| < 2.4 are filtered
further using the Jet Vertex Tagger (JVT) algorithm to select
those originating from the hard-scatter, as detailed in Ref.
[52]. This tagger is designed to remove pile-up jets in favour
of hard-scatter primary vertex jets, with a 96% efficiency of
correctly identifying hard-scatter jets for the requirements
chosen here. The JVT algorithm uses a likelihood discrimi-
nant based on observables derived from the tracks matched
to each jet, to produce a JVT score ranging from 0 (pile-up-
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Table 2 Kinematic requirements defining the Z → μμ, Z → ee, t t̄ and W → μν event selections

Variable Z → μμ (Z → ee) t t̄ W → μν

Electron multiplicity 0 (2) 0 0

Muon multiplicity 2 (0) 1 1

Triggering lepton pT [GeV] > 30 > 30 > 30

Second lepton pT [GeV] > 20 – –

|mll − mZ | [GeV] Performance: < 15, systematics: < 20 – –

mT [GeV] – – > 40

Jet multiplicity – ≥ 4 –

b-tagged jet multiplicity – ≥ 1 –

like), to 1 (hard-scatter-like). These consider, for example,
the fraction of pT carried by tracks matched to a given jet
that come from the hard-scatter vertex. PFlow jets are asso-
ciated to the hard-scatter interaction by requiring a JVT score
greater than 0.5. Jets outside this pT and η range are consid-
ered for analysis without extra requirements.

For event selection purposes, a b-tagging algorithm is
applied to jets with pT > 20 GeV and |η| < 2.5, to iden-
tify those likely to have originated from a b-quark. The DL1
algorithm described in Ref. [53] is used, with a 77% effi-
ciency working point.

Finally, Sect. 6.4 will introduce a set of pmiss
T working

points. Each places a different selection on the jets entering
the pmiss

T calculation, which should be considered in addition
to the selections described here.

5 Event selection

Several event topologies are considered in this paper. For
most studies, a Z → ee/Z → μμ selection is used, but
t t̄ and W → μν selections are also considered to inspect
events with more hadronic activity and real pmiss

T . Events are
removed if they contain at least one jet failing to meet the
BadLoose criteria defined in Ref. [54]. For all topologies,
events require one lepton to match the fired single-lepton
trigger, and said lepton is then required to have pT > 30 GeV
to ensure trigger efficiencies have plateaued. A summary of
the event selections described below is also given in Table 2.

The Z → ee and Z → μμ topologies are ideal to study
fake pmiss

T , since the dominant Drell-Yan process contains no
real sources of pmiss

T and they have a high production cross-
section. For the Z → ee (Z → μμ) selection, the event must
contain exactly two oppositely-charged electrons (muons)
and zero muons (electrons) passing the object selection cri-
teria in Sect. 4. The invariant mass of the two leptons in the
event (mll ) must be consistent with a decay from a Z boson
by requiring |mll −mZ | < 15 GeV. For the systematic uncer-
tainty calculation this is loosened to |mll − mZ | < 20 GeV
to reduce statistical uncertainties.

To select t t̄ events, a semileptonic t t̄ decay (one top quark
decays hadronically and the other to a muon, neutrino and
b-quark) is targeted to ensure there is real pmiss

T in the final
state in addition to substantial hadronic activity. To reduce
backgrounds where jets are falsely reconstructed as electrons,
which are hard to model with MC simulation, exactly one
muon is required and zero electrons. Events are required to
have at least one b-tagged jet, and at least four jets overall.

W → μν events are selected by requiring exactly one
muon and zero electrons. The transverse mass3 of the muon
and pmiss

T , which bounds the mass of the decaying W boson,
is required to be at least 40 GeV.

6 pmiss
T reconstruction

Missing transverse momentum reconstruction in ATLAS
consists of two aspects. The first, phard

T , comprises hard-
event signals in the form of reconstructed and calibrated ‘hard
objects’: electrons, photons, τ -leptons, muons and jets. The
second aspect (psoft

T ) comes from soft-event signals, and cur-
rently consists of reconstructed charged-particle tracks that
are associated with the hard-scatter vertex but not associated
with a hard object.

The procedures implemented by ATLAS to transform the
set of detector signals for each event into each type of recon-
structed hard object are independent. This implies that the
same detector signals could be used multiple times in an
event, for example the same calorimeter deposit could be used
to reconstruct both an electron and a jet. When reconstruct-
ing pmiss

T , this can cause double counting of contributions
to an event’s transverse momentum, leading to an artificial
momentum imbalance and fake pmiss

T . This is resolved by
the explicit signal ambiguity resolution in the object-based

3 Transverse mass is defined as mT =
√

2pmiss
T pμ

T (1 − cos φ), with φ

as the angle between the pmiss
T and the muon, and taking the muon to

be massless.
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pmiss
T reconstruction introduced originally in Refs. [2–4] and

described in Sect. 6.3. Ultimately, the pmiss
T is built from a set

of mutually exclusive detector signals.

6.1 pmiss
T introduction

The reconstruction of missing transverse momentum builds a
set of observables from the 2-dimensional transverse momen-
tum vectors ( pT = (px , py)) of the various event con-
stituents. The missing transverse momentum vector pmiss

T =
(pmiss

x , pmiss
y ) is the first of these observables, and is given

by:

pmiss
T = −

( ∑
selected
electrons

peT +
∑

accepted
photons

pγ
T +

∑
accepted

τ−leptons

pτ
T +

∑
selected

μ

pμ
T +

∑
accepted

jets

pjet
T

︸ ︷︷ ︸
hard term

+
∑

unused
tracks

ptrack
T

︸ ︷︷ ︸
soft term

)
. (1)

The second is the scalar sum of all transverse momenta
(pT = | pT|) of the pmiss

T reconstruction constituent objects,
which is given by

∑
pT =

∑
selected
electrons

peT +
∑

accepted
photons

pγ
T +

∑
accepted

τ−leptons

pτ
T +

∑
selected

μ

pμ
T +

∑
accepted

jets

pjet
T

︸ ︷︷ ︸
hard term

+
∑

unused
tracks

ptrack
T

︸ ︷︷ ︸
soft term

. (2)

This quantity is useful to calculate in addition to pmiss
T . It

presents an overall scale for evaluating the hardness of a
hard-scatter event in the transverse plane, thus providing a
measure of the event activity in physics analyses and pmiss

T
reconstruction performance studies.

In both the pmiss
T and

∑
pT definitions, the selected hard

objects are chosen by the user, and allow the interpretation
of each event to be consistent in a given analysis. The object
selections used specifically for the performance studies in this
paper were described in Sect. 4. Each reconstructed particle
and jet has its own dedicated calibration translating detec-
tor signals into a fully corrected four-momentum. Therefore,
for example, rejecting certain electrons in a given analysis
can change both the pmiss

T and
∑

pT, if the corresponding
calorimeter signal is included and is calibrated as a jet or
a significant part of a jet. This also means that systematic
uncertainties for the different particles can be consistently
propagated into pmiss

T . In Eqs. (1) and (2), the term selected,
only applicable to electrons and muons, means that the choice
of reconstructed particles is given purely by a set of analysis-
chosen criteria. On the other hand, accepted implies that the
initially selected set of particles has been potentially modi-
fied by the signal ambiguity resolution procedure (described
in Sect. 6.3) or added requirements placed on jets in a given
pmiss

T ‘working point’ (see Sect. 6.4).

The phrase ‘unused tracks’ in Eqs. (1) and (2) refers to
ID tracks associated with the hard-scatter vertex but not with
any hard object added to the pmiss

T sum. These are used to
calculate the soft-event signal, psoft

T , as discussed in more
detail in Sect. 6.5. As seen in the formulae, observables are
also constructed individually for each ‘term’ of pmiss

T coming
from each object type.

As part of the signal ambiguity resolution procedure, an
ordered sequence is defined for prioritising adding contribu-
tions to the pmiss

T sum, following the order of terms in Eq. (1).
This is explained in detail in Sect. 6.3.

Other observables reconstructed from pmiss
x(y) include:

pmiss
T = | pmiss

T | =
√

(pmiss
x )2 + (pmiss

y )2 , and

φmiss =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

tan−1 (pmiss
y /pmiss

x ) if pmiss
x > 0

tan−1 (pmiss
y /pmiss

x ) + π if pmiss
x < 0 and pmiss

y ≥ 0

tan−1 (pmiss
y /pmiss

x ) − π if pmiss
x < 0 and pmiss

y < 0

indeterminate if pmiss
x = 0 and pmiss

y = 0
yπ
|y|2 if pmiss

x = 0 and pmiss
y �= 0.

The magnitude of the pmiss
T vector gives the amount of miss-

ing transverse momentum; its direction in the transverse
plane, or azimuthal angle, is given by φmiss.

Finally, the truth (generator level) pmiss
T in MC simu-

lations, pmiss, true
T (magnitude of the 2-dimensional vector

pmiss, true
T ), is often used in performance studies. This is

defined by the vector sum of transverse momenta of stable,
invisible particles produced in the final state at generator
(hadron) level.

6.2 Object association

The pmiss
T reconstruction sum and the signal ambiguity res-

olution procedure rely on knowing which hard objects each
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track, topo-cluster and particle-flow object in an event are
associated with, in order to determine where there is over-
lap that must be resolved. Full details of this initial object
association procedure, and the sophisticated software used
to implement it, are detailed in Ref. [5]. Specifics of the
ATLAS Run 2 workflow to initialise object associations for
pmiss

T reconstruction before applying the signal ambiguity
resolution procedure are given here.

The pmiss
T reconstruction algorithm considers the same

original ID tracks to be associated with a muon as the muon
reconstruction algorithm [49] (with the track momentum
taken from the combination of the ID and MS tracks). Topo-
clusters, or neutral particle-flow objects, are only considered
to be associated with a muon if it is likely they are a result
of the muon’s calorimeter energy-loss. A “muon cluster” is
defined from the calorimeter cells crossed by the muon track,
and if the total energy this shares with a given topo-cluster
exceeds 20%, then the topo-cluster is deemed to be associ-
ated with the muon. ID tracks associated with electrons and
photons during their reconstruction [48] are again considered
associated for pmiss

T reconstruction.
Clusters used in electron and photon reconstruction are

not the same as the topo-clusters used for jet reconstruc-
tion. However, they are derived from them, and thus can
be matched to them.4 For topo-clusters within �R < 0.1
of an electron/photon cluster, the subset of N topo-clusters
best matching the electron/photon cluster energy are cho-
sen, in order to avoid spurious matches. This ‘best-matching’
procedure is ordered in decreasing pT topo-clusters, and
considers topo-cluster i energy Etopo,i and electron/photon
cluster energy Ee/γ . If Etopo,i < 1.5 × Ee/γ , and if
| ∑n

i=1 Etopo,i − Ee/γ | < | ∑n−1
i=1 Etopo,i − Ee/γ | for the

n ≤ N topo-clusters so far considered, then topo-cluster i
is associated with the electron/photon. If no topo-clusters
have Etopo,i < 1.5 × Ee/γ then only the topo-cluster with
energy closest to the electron/photon is associated with it.

Neutral PFlow objects are associated with electrons and
photons using the same procedure as topo-clusters. Charged
PFlow objects are constructed from an ID track and inherit
their associations from this track.

Hadronically-decaying τ -leptons are associated with topo-
clusters and tracks when they are reconstructed (more detail
can be found in Ref. [55]). If using particle flow for pmiss

T ,
the calibration of topo-clusters may be different to the τ -
lepton reconstruction and so are considered associated with
the τ -lepton if they are within �R < 0.2 of the τ -lepton’s
seeding-jet axis.

4 A topo-cluster associated with a jet is also associated with a given
electron if its matched electron cluster is associated with said electron.

6.3 Signal ambiguity resolution

The previous section defined which tracks, topo-clusters and
particle flow objects are initially associated with which hard
objects. This section explains how that information is used to
decide which objects to add to the pmiss

T sum in cases where a
hard object shares one of these detector signals with another
(they overlap).

Electrons enter pmiss
T reconstruction as the highest prior-

ity object, so are never modified from the analysis selec-
tion criteria. If lower-priority particles (γ then τhad) share an
ID track, topo-cluster or particle flow object with a higher-
priority object that has already entered pmiss

T reconstruction,
they are fully rejected from their term in the pmiss

T . In this
case, their tracks can be used in the psoft

T .
Muons experience energy loss in the calorimeters, but only

non-isolated muons overlap with other objects, most proba-
bly jets or τ -leptons. In this case the muon calorimeter energy
deposit cannot be separated from the overlapping jets with
the required precision, and a more sophisticated treatment of
when to reject a jet is needed. This is discussed in Sect. 6.3.1.
As indicated by the ‘selected’ notation in Eq. (1), muons (like
electrons) are never modified from the analysis selection cri-
teria.

Jets can also be rejected if they overlap with other accepted
higher-priority particles. In the case of partial or marginal
overlap between jets and electrons or photons, signal losses
are minimised by applying a more refined overlap removal
strategy, as described in Sect. 6.3.2.

6.3.1 Muon overlap with jets

There are several scenarios leading to the signal overlap of
reconstructed muons and jets. If a muon overlaps with a pile-
up-originating jet, it can lead to the jet being falsely con-
sidered as a hard-scatter jet. This is because the muon’s ID
track represents a significant amount of hard-scatter vertex
pT, thus increasing the JVT value and making a pile-up jet
more likely to satisfy any JVT requirements. In this case the
pile-up jet pT contributes to pmiss

T , where its stochastic nature
degrades the pmiss

T response and resolution.5

Muon energy deposited in the calorimeter (Eloss) can also
be reconstructed as a hard-scatter primary vertex jet, which
will be found in close proximity to the muon’s associated ID
track. Because the muon Eloss is already corrected for in the
muon pT reconstruction, inclusion of such a jet to the pmiss

T
reconstruction double-counts it. Rejection of pile-up jets and
muon Eloss jets is achieved through consideration of the four
selection criteria. First, the muon’s track is ‘ghost’-associated

5 Here response is defined as the deviation of the observed pmiss
T from

its expected value. Resolution of pmiss
T considers the root-mean-squared

(RMS) width of both the pmiss
x and pmiss

y .
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with the jet using the anti-kt algorithm. Second, pμ-ID
T /pjet-ID

T
is required to be larger than 0.8: the transverse momentum
of the muon’s track (pμ-ID

T ) represents a significant fraction
of the sum of transverse momenta of all hard-scatter primary
vertex ID track associated with the jet (pjet-ID

T ). Third, the

transverse momentum of the jet (pjet
T ) is less than twice the

pμ-ID
T . Finally, the total number of hard-scatter primary ver-

tex tracks associated with the jet (NPV
track) is less than five. If a

jet with an overlapping muon meets all of these criteria, it is
considered to be either from pile-up or a catastrophic muon
Eloss and is rejected from pmiss

T reconstruction.
Final state radiation (FSR) can also affect muon contri-

butions to pmiss
T . Muons can radiate photons at small angles,

typically too close to the muon ID track for the photon to
be reconstructed. The mismatch between calorimeter energy
and ID track momentum also prevents the FSR photon being
reconstructed as an electron. Instead, the FSR’s calorimeter
signal is reconstructed as a jet with an associated muon ID
track. The FSR photon’s transverse momentum is not recov-
ered in muon reconstruction, hence jets representing this pho-
ton must be included in the pmiss

T reconstruction. These jets
are characterised by the following selections, which typically
indicate photons.

• The muon’s associated ID track is ‘ghost’-associated with
the jet using the anti-kT algorithm;

• NPV
track < 3 – the jet has a small number of tracks from

the hard-scatter primary vertex;
• fEM = EEM

jet /Ejet > 0.9 – the jet energy Ejet is primarily
deposited in the EM calorimeter, as expected for photons;

• pjet PS
T > 2.5 GeV – an early starting point for the shower

is selected by requiring a large transverse momentum
contribution of the jet in the presampler (PS) calorimeter;

• wjet < 0.1 – the jet width wjet is comparable to a dense
electromagnetic shower, where jet width is defined as:

wjet =
∑

i �Ri pT,i∑
i pT,i

,

the angular distance of topo-cluster i from the jet axis
is �R = √

(�ηi )2 + (�φi )2 and pT,i is the cluster’s
transverse momentum;

• pjet-ID
T /pμ-ID

T > 0.8 – the transverse momentum of hard-
scatter primary vertex tracks associated with the jet is
close to the muon ID track transverse momentum.

If a jet meets all of the above criteria, it is deemed to be an
FSR photon and is included in the pmiss

T reconstruction in the
jet term. The energy scale of the jet is set to the EM scale to
reflect its interpretation as a photon, and further scaled both
to remove the fraction of the pT overlapping with the recon-
structed muon and the muon energy loss in the calorimeter.

Muons and jets can also overlap if a muon is produced in
the decay of a heavy-flavour hadron, inside a jet. In this case,
both the muon and jet should be kept for the pmiss

T calculation,
but any double-counting removed. If a jet and muon overlap
and, after the checks detailed above, the jet is not deemed to
be an FSR photon or rejected from the calculation, it is kept
in the pmiss

T jet term. Similar to the case above, its momentum
is scaled, both to remove the fraction of the pT overlapping
with the reconstructed muon and the muon energy loss in
the calorimeter. The overlapping muon is added to the pmiss

T
reconstruction without any adjustment.

6.3.2 Electron/Photon overlap with jets

In the case where electrons/photons overlap with a jet, two
discriminating variables are used to establish whether the
jet should be treated as real and enter the pmiss

T calculation.
These use the energy and pT of the jet and electron or photon,
calibrated at the EM scale.

The first variable is the ratio foverlap, the ratio of the elec-
tron (or γ or τhad) energy EEM

e(γ,τ )to the jet energy EEM
jet :

foverlap = EEM
e(γ,τ )

EEM
jet

.

The second variable represents the unique pT of the jet,
�pEM,e(γ,τ ),jet

T , which is defined thus:

�pEM,e(γ,τ ),jet
T = pEM,jet

T − pEM,e(γ,τ )
T .

In the scenario where a jet shares an ID track with a high
momentum electron (pT > 90 GeV), and carries a large
amount of pT from tracks not associated with other objects
((

∑n
i=1 ptrack,i

T − ∑m
j=1 ptrack, j

T ) < 10 GeV for a jet with n
associated tracks, m of which are non-overlapping) then it
is likely that both the electron and jet are real and should be
treated as such in the pmiss

T . These requirements can be encap-
sulated in a boolean variable KeepJet, which is always
false for jet-photon overlaps since photons have no associ-
ated tracks.

To treat the jet as real and include it in the pmiss
T

jet term along with the (higher priority) electron/photon,
( foverlap < 1.0 or KeepJet) and �pEM,e(γ,τ ),jet

T > 20 GeV
are required. To avoid any double-counting the jet pT is
scaled by (1 − foverlap) if it is included in the pmiss

T jet term.

6.4 pmiss
T working points

When reconstructing pmiss
T , the requirements on jets enter-

ing the calculation have a large impact on performance. More
stringency leads to a reduction in contamination from pile-up
and jet mismeasurement, however it also leads to an increased
likelihood of excluding real and well-measured jets. In dif-
ferent use cases, the optimal stringency can be different; thus
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Table 3 Selections for the pmiss
T working points supported for PFlow jets

Selections

pT [GeV] for fJVT for jets with
jets with: JVT for jets with 2.5 < |η| < 4.5 &

Working point |η| < 2.4 2.4 < |η| < 4.5 |η| < 2.4 pT < 120 GeV

Loose > 20 > 20 > 0.5 for pT < 60 GeV –

Tight > 20 > 30 > 0.5 for pT < 60 GeV –

Tighter > 20 > 35 > 0.5 for pT < 60 GeV –

Tenacious > 20 > 35 > 0.91 for 20 < pT < 40 GeV < 0.5

> 0.59 for 40 < pT < 60 GeV

> 0.11 for 60 < pT < 120 GeV

ATLAS recommends several working points for analysers to
choose from.

The requirements placed on jets for a given pmiss
T work-

ing point act in addition to those chosen by the analysis. If
jets are rejected from phard

T by working point requirements,
their tracks are not added to the soft term because the jet
is deemed to have originated from pile-up. Four working
points are supported, as illustrated in Table 3 in order of
increasing stringency. fJVT is the forward Jet Vertex Tag-
ger (fJVT), described in Ref. [56], used to remove pile-up
jets with 2.5 < |η| < 4.5 and 20 < pT < 50 GeV. The
fJVT uses the angular kinematics of other jets in the event
to associate forward jets – which lack tracking information
– to pile-up vertices by minimising the other vertices’ recon-
structed pmiss

T .
The main change in jet selection as the working point is

tightened is increasing the pT threshold for jets in the forward
η region of the detector. In this region, pile-up jets (which tend
to have a lower pT than hard-scatter jets) are more commonly
found. Different JVT selections are also used to remove pile-
up jets. The Tenacious working point takes an aggressive
approach, using a very tight JVT requirement for low pT jets.

6.5 pmiss
T soft term

The current soft term reconstruction approach exclusively
uses hard-scatter vertex ID-tracks, and so only includes the
pT from charged soft particles. However, this choice ensures
that the soft term has a high resilience to pile-up contamina-
tion. The inclusion of the soft term into the pmiss

T improves
the pmiss

T resolution and agreement with truth pmiss
T . It also

improves the pmiss
T scale, which is defined in Sect. 7.2 and

partly measures how well the pmiss
T accounts for the hadronic

recoil in an event. The soft term particularly improves the
scale in events with a low multiplicity of hard objects, by
capturing components of the event that are not represented
by reconstructed and calibrated objects and would thus oth-
erwise be ignored.

Tracks are required to satisfy the requirements described
in Sect. 4. If tracks are not associated with any hard object in
the event, then they are used to built the psoft

T . Contributions
to psoft

T also come from ID tracks associated with jets that
have been rejected by the signal ambiguity resolution proce-
dure, but not ID tracks associated with jets that were rejected
by the working point cuts (since these are deemed to origi-
nate from pile-up). ID tracks are also vetoed from inclusion
in the psoft

T if any of the following signal-overlap resolu-
tion requirements are met: �R(track, e/γ cluster) < 0.05;
�R(track, τ − lepton) < 0.2; the track is associated with a
muon or is ghost-associated with contributing jet.

Alternative calorimeter-based soft term definitions have
been used in the past [4]. These benefit from the inclusion of
neutral soft particles, but are very susceptible to pile-up con-
tamination. Due to the higher-pile-up conditions of Run 2,
these aren’t currently supported, as the track-based soft term
was found to provide a better resolution and general agree-
ment with truth. However, they may be revisited in the future.

7 Modelling and performance of pmiss
T

7.1 pmiss
T modelling in MC simulation and data

To assess the modelling of pmiss
T , comparisons between data

and MC simulation are made for several variables. Events
must satisfy either a Z → μμ or Z → ee selection, as
defined in Sect. 5, using objects selected according to Sect. 4.
By default, PFlow jets are used to build pmiss

T using the
Tight working point. Unless otherwise stated, the Z → 



MC events are generated using Sherpa.
After looking at this default configuration, the modelling

is studied when using different pmiss
T working points, jet col-

lections, and Z → 

 MC generators in turn. The uncer-
tainty bands on the SM MC contributions are formed from
a quadrature sum of the MC statistical uncertainty, luminos-
ity uncertainty and relevant detector uncertainties. Detector
uncertainties include those on the pmiss

T soft term (discussed
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in Sect. 8); lepton reconstruction efficiency, energy scale and
resolution, and trigger efficiency differences between MC
simulation and data [48,49]; uncertainties in the jet-energy
scale and resolution [57]; JVT efficiencies [52]; and uncer-
tainties in the pile-up profile used for the MC events. It is
emphasised that systematic uncertainties on the MC mod-
elling and cross-sections are not included.

Fig. 1 shows the overall pmiss
T distribution, the hard and

soft terms, for Z → μμ and Z → ee selections. The
plots show a ‘jet inclusive’ selection, where no additional
requirements are placed on the jets in the event beyond those
described in previous sections. The pmiss

T and phard
T distribu-

tions show very good agreement between MC simulation and
data within uncertainties. The dominant systematic uncer-
tainties leading to the bump seen around 100 GeV comes
from the jet energy scale and resolution. In Fig. 1(e), the soft
term shows a slight excess in data in the tails, expected to be
covered if modelling uncertainties were included on the MC.

Figure 2 shows the pmiss
T distributions for the Loose,

Tighter and Tenaciousworking points. As the working
point is tightened from Loose to Tenacious, the mod-
elling improves, due primarily to the removal of low pT for-
ward jets. These have relatively large uncertainties in the
jet energy resolution, stemming partly from large pile-up
contamination. The error band decreases with the tighten-
ing working point, which is caused by a large reduction in
the impact of jet energy resolution uncertainties.

Figure 3 shows the distributions for pmiss
T and the soft

term, using Powheg+Pythia to produce Z → μμ events.
Powheg+
Pythia performs well throughout the whole pmiss

T distri-
bution, however when considering psoft

T , Powheg+Pythia
models the data worse than Sherpa. For Powheg+Pythia,
extra jets in an event are produced at the parton shower level,
where they are less well-modelled, in comparison to Sherpa

where they are produced at matrix element level. The tail of
the psoft

T distribution will have a significant contribution from
events with a high multiplicity of these poorly-modelled soft
jets. Additionally, Powheg+Pythia has a different repre-
sentation of the underlying event, which can be a significant
contribution to the soft momenta in the event.

7.2 pmiss
T performance

An important measure for the quality of pmiss
T reconstruction

is the resolution. For Z → 

 events, the pmiss
x and pmiss

y are
approximately Gaussian-distributed about zero, except for
events with very large

∑
pT or noise. Non-Gaussian tails are

expected, so to appropriately represent the distributions, the
root-mean-square error (RMS) is used to measure the pmiss

x
and pmiss

y resolution. For MC simulation, the truth pmiss
x and

pmiss
y (defined in Sect. 4) are subtracted.

To understand the impact of pile-up on pmiss
T resolu-

tion, Fig. 4 shows the pmiss
x and pmiss

y resolutions in Sherpa

Z → μμ MC simulations, binned in the variables introduced
in Sect. 4 which parametrise the amount of pile-up present:
NPV and μ. For the jet inclusive selection, the resolution
degrades as the amount of pile-up increases, as expected.
The resolution improves dramatically as events containing
jets are vetoed, until the pile-up dependence almost entirely
disappears.

The intention of the various pmiss
T working points is to try

to reduce fake pmiss
T contamination further. As can be seen

for Sherpa Z → μμ MC simulated events satisfying the
Z → μμ selection in Figs. 4c and d, the tighter working
points have a reduced pile-up dependence and better resolu-
tion, indicating they are indeed less susceptible to fake pmiss

T
generally, and specifically from pile-up contamination.

In Fig. 5, the working point resolution dependence is
shown for t t̄ or W → μν MC simulations. For the t t̄ pro-
cesses, the amount of hadronic activity in the hard-scatter
process increases substantially relative to Z → μμ. At high
pile-up, tighter working points improve the resolution for t t̄
and W → μν topologies by removing more pile-up jets from
the jet term. For the t t̄ process at low pile-up, the majority of
reconstructed jets in the event come from the hard-scatter, so
the tighter working points are more likely to remove jets orig-
inating from the hard-scatter, leading to a degradation in the
resolution. The performance for W → μν is very similar to
Z → μμ, suggesting that the working point performance is
minimally effected by the amount of real pmiss

T in the event.
The topology dependence in the choice of ‘best’ working
point leads to the support of all of them for analysis use.

To confirm that the pmiss
T resolution in MC simulation rep-

resents data well, the pmiss
x and pmiss

y resolutions are shown in
Fig. 6 as a function of μ and NPV in the default Z → μμ con-
figuration comparing MC simulation (including Z → μμ

as well as the background processes) and data. In this case
the truth values are not subtracted from the MC simulation
values. The resolutions agree within the error band which
includes the MC statistical, luminosity and detector uncer-
tainties.

Comparing the reconstructed and truth pmiss
T is a way

to assess bias in events with real pmiss
T . Figure 7 shows the

response (pmiss
T /pmiss, true

T ) in each case as a function of truth
pmiss

T , for all four working points, in events satisfying the
W → μν and t t̄ selections. Since the track-based soft term
means soft neutral contributions to the event are ignored, it
is expected that some bias from truth pmiss

T will be seen at
low values where the pmiss

T is more dominated by the soft
term. For W → μν events, tightening the working point
slightly reduces the bias at low values, due to the removal
of pile-up, which contributes to the bias. For t t̄ events, the
Tight performs slightly better at low values, consistent with
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Fig. 1 Distributions of pmiss
T

(a, b) and its constituent hard (c,
d) and soft (e, f) terms in MC
simulation and data. Events
satisfy a Z → μμ (a, c, e) or
Z → ee (b, d, f) selection.
PFlow jets are used with a jet
inclusive selection, and the
Tight pmiss

T working point.
Sherpa is used to generate the
Z → ee/Z → μμ events. The
error band includes MC
statistical, luminosity and
detector uncertainties

the Loose working point leaving too much pile-up, and the
tighter working points removing some of the hard-scatter jets.

In Z → 

 events, where there is no real pmiss
T , the trans-

verse momentum of the Z (pZT ) can be used as a measure of
the hardness of the interaction and provides a scale for the

evaluation of the pmiss
T response. One can define an axis in the

transverse plane from the pT of the Z which is constructed
by using the pT of each of the leptons,

ÂZ = p
+
T + p
−

T

|p
+
T + p
−

T | = pZ
T

pZT
.
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Fig. 2 Distributions of pmiss
T in MC simulation and data for differ-

ent working points: Loose (a), Tighter (b) and Tenacious (c).
Events satisfy a Z → μμ selection and pmiss

T is built using PFlow

jets. Sherpa is used to generate the Z → μμ events. The error band
includes MC statistical, luminosity and detector uncertainties
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Fig. 3 Distributions of pmiss
T (a) and the psoft

T (b) in MC simulation and data using the Powheg+Pythia Z → μμ generator. Events satisfy a jet
inclusive Z → μμ selection. PFlow jets are used with the Tight pmiss

T working point. The error band includes MC statistical, luminosity and
detector uncertainties

With this reference axis the pmiss
T can be projected onto it

with,

P Z = pmiss
T · ÂZ . (3)

This quantity – the scale P Z – is sensitive to any mis-
reconstruction in the pmiss

T and provides an excellent way
to gauge the performance of the pmiss

T reconstruction. It is
particularly sensitive to the impact of the hadronic recoil
against the Z boson. For a completely balanced reaction,
where the Z boson is produced in perfect balance with the
hadronic recoil, the expectation is P Z = 0. If P Z < 0 then
there is not enough hadronic recoil to balance the momentum
of the Z and when P Z > 0 there is too much reconstructed
recoil. The hardness of the interaction (roughly the amount
of pT produced in the event) can be assessed by taking the
average of the projection, 〈P Z 〉, and binning it as a function
of pZT .

Figure 8a shows the average value of P Z in bins of pZT for
data and MC simulation in a Z → μμ selection. Overall
there is an underestimation of the hadronic balance with the
Z boson, caused by the missing component of neutral soft
energy and finite detector acceptance, and an offset between
data and prediction that is within uncertainties. The scale
is worst at very low values of pZT , where the missing neu-
tral component of the soft term means much of the hadronic
recoil is missed. At higher values the scale improves as jets
are reconstructed allowing for better hadronic recoil determi-

nation. At very high values the event selection is dominated
by the non-Z → μμ processes, which causes the scale to
increase again.

The impact of the varying working points on the P Z

is assessed in Fig. 8b. Moving from the Loose to the
Tenacious working points, the hadronic balance becomes
increasingly underestimated, as the tightening jet selection
increases the potential for part of the hadronic recoil to be
missed.

Furthermore, the pmiss
T response in this system can be

defined by:

CZ = 1 + 〈P Z 〉
〈pZT 〉 . (4)

A comparison of CZ for the different pmiss
T working points

as a function of pZT is shown in Fig. 9a, for Z → μμ

MC simulated events. At low values of pZT the response
decreases below one as the missing neutral component of the
soft term means more of the hadronic recoil is missed and
pmiss

T is reconstructed opposing the Z . In consistency with
the behaviour of the P Z , as the working point changes from
Loose to Tenacious, the response decreases further, as
more of the hadronic recoil has potential to be missed.

In Fig. 9b, the RMS of the scale is shown, correcting for
the response CZ , for Z → μμ MC simulated events. At low
values of pZT the RMS worsens for the same reasons that
the scale itself worsens, and as the contribution of pileup
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Fig. 4 The pmiss
x and pmiss

y resolution for different jet selections (sel.)

(a, b) and different pmiss
T working points (c, d) as a function of μ (a, c)

or NPV (b, d). PFlow jets and the Tight pmiss
T working point are used,

on Sherpa Z → μμ MC simulated events. The error bars include the

MC statistical uncertainty. In the y-axis label of the lower panels, ‘incl.’
refers to the inclusive jet selection, ‘sel.’ to the alternate jet selection
under consideration and ‘WP’ to the working point under consideration.
‘True’ refers to MC-generated quantities
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Fig. 5 The pmiss
x and pmiss

y resolution for different pmiss
T working points

as a function of μ (a, c) or NPV (b, d). MC simulated events are shown:
t t̄ events are used in a and b, and W → μν events in c and d. PFlow

jets are used. The error bars include the MC statistical uncertainty. In
the y-axis label of the lower panels, ‘WP’ refers to the working point
under consideration. ‘True’ refers to MC-generated quantities
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Fig. 6 The pmiss
x and pmiss

y resolution in data and simulation with the
Tight working point as a function of aμ or bNPV. A Z → μμ selection
is applied with Sherpa used to generate the Z → μμ events. PFlow

jets are used with an inclusive selection. The error band includes MC
statistical, luminosity and detector uncertainties

Fig. 7 The pmiss
T response for different working points as a function of truth (generated) pmiss

T . MC simulated a W → μν or b t t̄ events are used.
PFlow jets are used. The error bars include the MC statistical uncertainty
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Fig. 8 The average P Z (projection of pmiss
T on to unit vector in the

direction of the Z boson AZ ) as a function of the Z boson’s transverse
momentum. Events satisfy a Z → μμ selection with no requirements
placed on the jets, with Sherpa used to generate the Z → μμ events.
In a all events passing the event selection are shown, using the Tight

pmiss
T working point, and the error bars include statistical and detector

uncertainties. In b, only Z → μμ MC simulated events are shown,
comparing each pmiss

T working point, and the error bars include statis-
tical uncertainties only

becomes relatively more important, and for very high pZT
as the absolute resolution of the muons and jets used to
reconstruct the Z and pmiss

T degrades. At these extremes, the
Loose working point has the worst RMS as it removes the
fewest poorly-measured jets or those originating from pileup.
In the medium pZT regime, the Tight working point has the
best RMS, providing the best compromise between remov-
ing pileup and not removing too much of the hard-scatter
hadronic recoil.

Finally, the RMS of the pmiss
x and pmiss

y of Z → μμ MC
simulated events, corrected by CZ in order to compare the
resolutions for each working point at the same energy scale,
is shown in Fig. 10. In this case the behaviour is very similar
to the uncorrected RMS, apart from at very low values of
pileup, where the more stringent working points no longer
perform the best.

8 Systematic uncertainties

Uncertainties on the measurement of pmiss
T are calculated

for the scale and resolution. These uncertainties depend on
every object entering the pmiss

T reconstruction, and thus on
both the soft term and the composition of the hard term. Since

the hard term’s composition is defined individually for any
given analysis, the scale and resolution uncertainty of each
of the hard objects must be extracted based on the object
definitions used. This is done for each analysis, using the
uncertainty recommendations provided for each object type.
In propagating these uncertainties through pmiss

T reconstruc-
tion, correlations between systematic uncertainties for the
same type of object are taken into account. However, the sys-
tematic uncertainties of each of the different types of object in
the hard term are taken to be uncorrelated since independent
reconstruction and calibration algorithms are applied to each.
As seen in Sect. 7.1, for topologies dominated by fake pmiss

T
the dominant uncertainty in the pmiss

T distribution can come
from the uncertainties in the reconstruction of jets entering
the hard term. For the case of the pmiss

T soft term, the scale
and resolution uncertainties are calculated as described in the
remainder of this section, and these are used for any analysis.
It is expected that the soft term uncertainties only have a sig-
nificant effect on the overall pmiss

T uncertainty when the soft
term itself dominates the pmiss

T calculation, either because
the topology contains few hard objects to contribute to the
hard term or because it contains a relatively large amount of
soft activity.

123



  606 Page 18 of 45 Eur. Phys. J. C           (2025) 85:606 

Fig. 9 The a average value and b RMS of the P Z (defined in Eq. 3),
corrected by the Z system pmiss

T response CZ (defined in Eq. 4), for dif-
ferent pmiss

T working points as a function of pZT . PFlow jets are used, and

Sherpa Z → μμ MC simulated events. The error bars include the MC
statistical uncertainty. In the lower panel, ‘WP’ refers to the working
point under consideration. ‘True’ refers to MC-generated quantities

Fig. 10 The pmiss
x and pmiss

y resolution, corrected by the Z system pmiss
T

response CZ (defined in Eq. 4), for different pmiss
T working points as a

function of aμor b NPV. PFlow jets are used, andSherpa Z → μμMC

simulated events. The error bars include the MC statistical uncertainty.
In the lower panel, ‘WP’ refers to the working point under consideration.
‘True’ refers to MC-generated quantities
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Fig. 11 psoft
T projections along phard

T , taken from Ref. [7]

8.1 Methodology

The uncertainty in the soft term is assumed to be dominated
by how well it is modelled by Monte Carlo simulation. This
is best studied in events with no true pmiss

T , where pmiss
T =

− psoft
T − phard

T = 0 if the soft term is perfectly reconstructed.
In this case the soft term behaviour can be easily studied by
comparing the soft and hard terms. In practice, fake pmiss

T will
spoil this balance. The Z → ee selection defined in Sect. 5
is used for this uncertainty derivation, and it is validated in a
Z → μμ selection.

The soft term’s uncertainty is calculated by quantifying
the balance between the hard and soft terms by considering
the projection of the soft term onto the hard term. This leads
to three variables used to parametrise the uncertainties, which
can be defined with the help of Fig. 11. These are:

• the parallel scale (�L) – defined as the mean of the par-
allel projection of psoft

T along phard
T , 〈psoft‖ 〉;

• the parallel resolution (σ‖) – defined as the root-mean-
square of psoft‖ ;

• and the perpendicular resolution (σ⊥) – defined as the
root-mean-square of the perpendicular projection of psoft

T
along phard

T , psoft⊥ .

As expected, the perpendicular scale was found to be consis-
tent with zero in both the Monte Carlo and data in Ref. [3],
so is not of interest.

The values of these variables are calculated in different
bins of phard

T . Separate soft term uncertainties are calcu-
lated for pmiss

T built from EMTopo and PFlow jets, using
the Tight pmiss

T working point, by considering the max-
imal difference between the data and the different Monte
Carlo generators, and taking the maximum of these between
both the jet inclusive and 0-jets selections. The three genera-
tors considered are Powheg+Pythia, MadGraph+Pythia
and Sherpa, which are all the standard options available for
Z + jets processes in ATLAS.

Up to a phard
T of 60 GeV, both the jet inclusive and 0-

jets selections are considered. Due to decreased statistical
precision, the 0-jets selection is not used phard

T > 60 GeV.

To account for contamination of non-Z → ee events pass-
ing the Z → ee selection in data, MC simulations of VV
and t t̄ processes were included in addition to the various
Z → ee simulations. At the point in the phard

T distributions
where these processes start to dominate, the crucial initial
assumption of the psoft

T -phard
T balance breaks down. As was

seen in Fig. 1, this occurs at around 100 GeV, where the
Z → ee events would require the Z boson to be increas-
ingly boosted. As a result, the measurement of the soft term
uncertainty stops at phard

T = 100 GeV, and the value obtained
in the final bin up to 100 GeV is used for any event with a
higher phard

T .

8.2 Uncertainty values

Figure 12 shows the three variables for the jet inclusive and
0-jets selection using PFlow jets, in the same bins of phard

T
used for the uncertainty calculation. The distributions are
given for data and the different Monte Carlo generators, with
the uncertainty values (labelled as ‘TST syst. uncert.’, short
for track soft term systematic uncertainty) illustrated as a
shaded band centred on the data.

In comparison to preliminary results presented in Fig-
ure 6 of Ref. [7], a reduction in the uncertainty values for
scale and resolution is seen throughout the phard

T distribution,
after the improvements described here. Scale uncertainties
are reduced by up to 76% and resolution uncertainties are
reduced by up to 51%. For a representative example consid-
ering the [30, 35] GeV bin of phard

T , the parallel scale uncer-
tainty is reduced in comparison to the previous results by
52% (dropping from 0.97 to 0.47 GeV), the parallel resolu-
tion uncertainty is reduced by 43% (dropping from 2.59 to
1.47 GeV), and the perpendicular resolution uncertainty is
reduced by 13% (dropping from 2.29 to 2.00 GeV).

Below ∼ 20 GeV, the uncertainties are dominated by the
0-jets selections where the pT of the Z -boson directly bal-
ances the soft term. Above this, the jet inclusive selection
starts to dominate, where the soft term consists mainly of
diffuse radiation which hasn’t formed jets. The values of the
soft term uncertainties calculated for PFlow, are shown in
Fig. 13. The PFlow uncertainties are generally smaller than
EMTopo (shown in Fig. 19 in Appendix B), attributed to bet-
ter rejection of poorly modelled pile-up, which is consistent
with the performance seen in the previous section.

The parallel resolution uncertainty, which relates largely
to mismeasurement of the jets which recoil the Z and grow
in pT with the Z , increases with phard

T . The transverse reso-
lution uncertainty relates to other effects and is less depen-
dent on the phard

T . Thus, the σ⊥ uncertainty dominates (in
terms of absolute uncertainty value) at low values and σ‖
dominated beyond around phard

T = 60 GeV. To validate the
uncertainties for the Tight working point, they are applied
to the three variables calculated for Z → μμ events, and
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Fig. 12 Parallel scale (�L, a and b), parallel resolution squared (σ‖,
c and d) and transverse resolution squared (σ⊥, e and f) plots for the
psoft

T (TST, track soft term) in bins of phard
T . Full Run 2 data and MC

simulated samples are shown with a Z → ee event selection applied
using PFlow jets, in the jet inclusive (a, c, e) or 0-jets selections (b, d,
f). Full Run 2 uncertainties are shown as a shaded band about the data
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Fig. 13 A summary of the psoft
T systematic uncertainties. The parallel

scale (�L), parallel resolution (σ‖) and transverse resolution (σ⊥) of
the psoft

T projection onto the phard
T , binned in phard

T . Full Run 2 data and
Monte Carlo samples are shown with a Z → ee event selection applied

successfully cover Z → μμ MC/data discrepancies. To val-
idate the use of the uncertainties for other working points,
they are applied to Z → ee events where pmiss

T is recon-
structed using theLoose,Tighter, orTenaciouswork-
ing points. Again the uncertainty band successfully covers
MC/data differences.

To apply the calculated systematic resolution uncertainties
in an ATLAS analysis, the soft term projection is smeared by
a Gaussian function with a width corresponding to the reso-
lution uncertainty in the relevant phard

T bin. It is conventional
to symmetrise the variation of the soft-term to produce a ±
error band. The systematic uncertainty in the scale is applied
by either adding or subtracting the scale uncertainty (�L) for
the appropriate phard

T bin to the value of the parallel compo-
nent of the soft term, psoft‖ .

9 pmiss
T significance

9.1 pmiss
T significance definitions

In association with pmiss
T , the concept of a pmiss

T ‘significance’
can be defined to quantify the belief that the reconstructed
pmiss

T is real. As well as being useful to identify SM processes
with neutrinos in the final state, such a variable is extremely
useful in searches for new stable particles, where typically
a large amount of real pmiss

T is expected in the new-physics
signal process but not in SM background processes, or in
the opposite scenario of searches for new physics processes
with no real pmiss

T in the final state and SM backgrounds with
neutrinos present. In any case, a pmiss

T significance variable
can often more effectively discriminate between the signal
and backgrounds than pmiss

T alone. Ten examples of searches

or measurements where this has been the case can be found
in Refs. [8,9,58–65].

ATLAS initially used event-based pmiss
T significance

approximations. Subsequently, the pmiss
T significance defi-

nition has adroitly evolved to follow a similar object-based
approach to that used in calculating pmiss

T itself. This new
object-based pmiss

T significance performs better at discrim-
inating between real and fake pmiss

T . Both approaches are
discussed here.

9.1.1 Event-based pmissT significance

As a first attempt at quantifying a measure of the ‘realness’
of pmiss

T , a heuristic definition was considered that approx-
imated the resolution of pmiss

T using the square root of the
scalar sum of all jet pT

HT =
∑
i

pT,i,

where the index runs over the jets in an event. The approxi-
mation of pmiss

T significance (S), made possible because HT

scales with pmiss
T resolution, is written as

SHT = pmiss
T√
HT

.

Another approximation for the resolution was based on the
sum of all the reconstructed objects in the detector defined in
Eq. (2),

√∑
pT, and allowed the significance to be written

as:

S� = pmiss
T√∑
pT

.

These definitions are formed from proxies for the resolu-
tion of pmiss

T and so are not true dimensionless significances.
Both

√
HT and

√∑
pT are event-by-event proxies for res-

olution that scale linearly with pmiss
T resolution under the

assumption that only calorimeter signals are used to build
pmiss

T . This is not the case when one wishes to use the tracker
for its improved pile-up rejection and better pT resolution at
low momentum for charged particles.

9.1.2 Object-based pmissT significance

Section 6 introduced the concept of an object-based approach
to pmiss

T , described in Eq. (1). An analogous approach using
these objects and their detector resolutions can be used to
define an improved, object-based, pmiss

T significance. This
significance encodes the resolutions of all reconstructed
objects6 and accounts for the correlations between each
object in an event. Appendix A provides a detailed derivation

6 This considers the pT and η dependence of objects’ detector resolu-
tion.
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of this quantity; in this section a more concise overview is
presented.

To determine if the observed missing transverse momen-
tum is real or fake in origin, a hypothesis test can be per-
formed. This compares the hypothesis with no momen-
tum carried by invisible particles ( pmiss, true

T = 0) to that
with there being genuine pT carried by invisible particles
( pmiss, true

T �= 0). The missing transverse momentum signifi-
cance (S(pmiss

T )) definition,

S2 = 2ln

⎛
⎝max pmiss, true

T �=0L
(
pmiss

T | pmiss, true
T

)

max pmiss, true
T =0L

(
pmiss

T | pmiss, true
T

)
⎞
⎠ , (5)

is formed by this test, where L is the likelihood (the ‘true’
label refers to MC generated quantities). This log likelihood
ratio, based on the Neyman–Pearson lemma [66], assumes
that each of the likelihoods depends on all the objects mea-
sured in an event; their multiplicities, types and kinematic
properties.

In addition to the log likelihood ratio, the functional form

ofL
(
pmiss

T | pmiss, true
T

)
is required to calculateS(pmiss

T ). This

can be found following a few assumptions. Firstly, the pT

measurement for each object, pObj
T , is assumed to be inde-

pendent of all others (where Obj ∈ {e, γ, τ, μ, jet}). For
all objects, pObj

T (given a true value of pObject,true
T ) is taken

to follow a Gaussian probability distribution of the form

Gaus
(
pObj

T − pObject,true
T

)
. The probability distribution for

each object has a covariance matrix labelled VObj, which is
the sum of covariances quantifying the resolutions of each
object, in pT and φ, entering the pmiss

T calculation. Finally,
conservation of momentum in the transverse plane means that
if the true momentum of each measured particle were to be
summed this would balance with the negative signed invisi-
ble particle momentum:

∑
Objects p

Object,true
T = − pmiss, true

T .

With these assumptions made, the form of the likelihood is
a two dimensional Gaussian distribution. Entering this into
the maximised log likelihood ratio, Eq. (5), results in the
cancellation of any preceding coefficients and leaves:

S2 =
(
pmiss

T

)T

⎛
⎝ ∑

Objects

VObj

⎞
⎠

−1 (
pmiss

T

)
. (6)

This is now a sum of independent standard Gaussian-
shaped variables in two dimensions, or more simply a χ2

hypothesis test in two dimensions. Equation (6) links pmiss
T

to all the object resolutions which are encoded in the covari-
ance matrix summation.

In this format the results of the χ2 test are easily inter-
preted with a single value that indicates how likely it is that
the null hypothesis ( pObject,true

T = 0) holds. Low values ofS2

indicate that the pmiss
T comes from fake sources like mismea-

surement or resolution effects while high values show that it
is likely the pmiss

T comes from a real invisible particle leaving
the detector without interactions. The covariance matrix for
each object is defined with an axis along the measured trans-
verse momentum vector of the object under consideration,
pObj

T .
After some matrix calculation covered in detail in Appendix

A, one obtains the final definition of S(pmiss
T ):

S(pmiss
T ) = pmiss

T√
σ 2

L

(
1 − ρ2

LT

) . (7)

Here σL defines the resolution longitudinally to pmiss
T and

ρLT is the correlation between the transverse and longitudinal
resolutions relative to pmiss

T , calculated from the covariance
matrix. This dimensionless variable contains the measured
quantity in the numerator, along with a measure of its vari-
ance in the denominator. Code to implement the object-based
pmiss

T significance externally to the ATLAS Collaboration,
including the object resolution values used, can be found in
the SimpleAnalysis Framework [67].

9.2 pmiss
T significance modelling and performance

Figure 14a shows the original calorimeter dependent signif-
icance proxy, S� , for events that satisfy a Z → μμ selec-
tion. The Tight and PFlow jets are used to build the pmiss

T ,
and the jet inclusive selection is applied. Sherpa is used to
generate the Z → μμ MC simulation events. The low val-
ues are dominated by events with an expected truth pmiss

T of
zero, which have some fake pmiss

T . The high valued tails are
more dominated by events from other processes that have
a high energy neutrino produced and satisfy the Z → μμ

selection in data. Figure 14b shows a different event-based
significance estimate, SHT , which indicates a larger estimate
of events which are likely to have real pmiss

T in them.
The object-based missing transverse momentum signifi-

cance derived in Sect. 9 is presented in Fig. 14c. TheS(pmiss
T )

distribution for the Z → μμ events moves closer to the
expected value of zero, whilst the other processes move to
higher values. It shows good agreement between data and
MC in the bulk where Z → μμ events dominate and the
MC simulations used in this paper are expected to be more
representative of the data. The behaviour here is closer to
that of Fig. 14a than Fig. 14b and reinforces the statement
that

√∑
pT is a good proxy for the resolution of pmiss

T .
One can also investigate how the resolution terms in the

denominator impact the agreement between data and predic-
tion by defining a directional pmiss

T significance (Sdir) that
only has the longitudinal resolution in Eq. (7) and so remove
any input from σT. This is shown in Fig. 14d, which looks
very similar to Fig. 14c suggesting a small impact in this
Z → μμ event topology.
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Fig. 14 Event-based proxies for pmiss
T significance (a, b), Object-

based pmiss
T significance (c), and its directional form (d), in

Z → μμ events. pmiss
T is built using the Tight working point

and PFlow jets. Sherpa is used to generate the Z → μμ events.
The error band includes MC statistical, luminosity and detector
uncertainties
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Fig. 15 Background rejection versus signal efficiency in simulated
Z → μμ and t t̄ events. Both samples have a t t̄ event selection applied.
All events passing the selections are used to calculate background rejec-
tion and signal efficiency using theTight and PFlow jets to build pmiss

T .
The Area Under the Curve (AUC) value is shown beside each signifi-
cance definition in the legend

The performance of the various pmiss
T significance def-

initions at discriminating between processes with real and
fake pmiss

T is assessed next. This is done by calculating ROC
curves for each definition, to determine background rejection
against signal efficiency, as shown in Fig. 15. The comparison
is made in the t t̄ event selection, considering semileptonically
decaying t t̄ MC simulated events as the real pmiss

T signal, and
MC simulated Z → μμ events as the fake pmiss

T background
which contaminates the event selection. In an ATLAS analy-
sis, a common use of pmiss

T significance would be as a selec-
tion requirement on the events entering the analysis region,
and ideally the signal efficiency and background rejection
should both be maximised through a particular threshold
on the significance value. The ROC curves demonstrate that
discrimination power improves with the object-based signifi-
cance measures in comparison to the event-based definitions.
The directional significance Sdir has a very similar definition
to the object-based significance and shows a comparable,
although marginally worse, performance.

10 Conclusion

This paper presents the performance of missing transverse
momentum and its significance in 140 fb−1 of proton-proton
collisions recorded at a center-of-mass energy of 13 TeV,
acquired by the ATLAS experiment between 2015 and 2018.

A complete description of pmiss
T reconstruction is given,

including the update to the particle flow jet collection, and
the definitions of four working points to allow more strin-
gent removal of pile-up contamination for analyses that
require it. The state-of-the-art object-based pmiss

T significance
is derived, in comparison to earlier event-based approxima-
tions. Comparisons of MC simulation and data are shown for
various pmiss

T quantities, with a Z → 

 selection applied.
There is generally good agreement, particularly in the overall
pmiss

T distribution for all pmiss
T working points, jet definitions

and MC generators considered. The pmiss
T significance mod-

elling is also satisfactory, and showed a better separation
between topologies with real and fake pmiss

T in comparison
to the event-based approximations.

Firstly, the dependence of the pmiss
T resolution on pile-up

is shown by comparing different jet selections – demonstrat-
ing that almost all pile-up dependence originates from jets
in the pmiss

T calculation, as expected. Secondly, pmiss
T work-

ing points are compared, demonstrating success at improv-
ing the otherwise degraded resolution at high pile-up by up
to 39% as the working points are tightened from Loose to
Tenacious. The resolution is considered for several pro-
cesses to demonstrate that all working points are useful. The
comparison of reconstructed and truth pmiss

T is made for each
working point, as a function of the truth pmiss

T . All working
points behave similarly here, with reconstructed pmiss

T over-
estimating the truth pmiss

T for low values of truth pmiss
T , and

estimating it well at higher values. Finally the pmiss
T scale

is shown to be similar between data and MC simulation in
Z → ee events, with both showing an underestimation of
the hadronic recoil.

Systematic uncertainties in the psoft
T scale and resolution

are calculated using Z → ee events, by considering how
well data and MC simulation meet the expectation of a perfect
balance between phard

T and psoft
T in events with zero real pmiss

T .
The uncertainties are calculated as the maximal disagreement
between data and MC simulation in three different Z →


 generators, in bins of phard

T . The uncertainty values are
reduced throughout the phard

T distribution, by up for 76% for
scale and up to 51% for resolution.

Run 2 pmiss
T reconstruction at ATLAS is observed to be

resilient against rising pile-up, overall the modelling is good
and the disagreement in the psoft

T modelling is evaluated
and taken into account with systematic uncertainties. As an
important detector signature for ATLAS, pmiss

T will continue
to be a robust component of many physics analyses to come.
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Appendix

A pmiss
T significance

Section 6 introduced the concept of an object-based approach
to pmiss

T , described in Eq. (1). An analogous object-based
approach can be used to define an improved, object-based,
pmiss

T significance. This significance encodes the resolutions
of all reconstructed objects while also accounting for the
correlations between each object in an event.

The relative resolution of each hard object as a function
of their pT motivates the use of an object-based approach to
the significance in Fig. 16. The relative resolutions can vary
by a large amount across the pT range and even in what |η|
region the candidate object is in.

With the objects and their respective resolutions used in
Eq. (1) in mind, one can formulate a true significance. To
determine if the observed missing transverse momentum,
pmiss

T , is due to a real invisible particle, or instead caused by
resolution effects and mismeasurement of detector objects,
a hypothesis test between there being no momentum carried
by invisible particles ( pmiss, true

T = 0) against there being

genuine pT carried by invisible particles ( pmiss, true
T �= 0) is

defined. This test forms the missing transverse momentum
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Fig. 16 Each of the relative resolutions (σ/pT) for the objects entering
the pmiss

T , defined in Sect. 6. The lines are split by |η| conditions and
run with the pT of the object in question. The muons are said to be
combined (CB) meaning that they come from combined inner detector
tracks and muon spectrometer hits. The photons are those which have
not converted into an e+e− pair. The jet curves include the contribution
from pile-up, which is binned in pT, giving the sharp shape for |η| = 4.5.
More detail on object definitions is found in Sect. 4

significance (S(pmiss
T )) definition,

S2 = 2ln

⎛
⎝max pmiss, true

T �=0L
(
pmiss

T | pmiss, true
T

)

max pmiss, true
T =0L

(
pmiss

T | pmiss, true
T

)
⎞
⎠ .

This log likelihood ratio, based on the Neyman-Pearson
lemma [66], assumes that each of the likelihoods depends
on all the objects measured in an event, their multiplicities,
types and kinematic properties. In other words S is an event-
by-event evaluation of the p-value that the observed pmiss

T ,
is consistent with the null hypothesis that there is no truth
pmiss

T , pObject,true
T = 0,

S2 = 2ln

⎛
⎝L

(
pmiss

T | pmiss, true
T

)

L (
pmiss

T |0)
⎞
⎠ . (8)

In addition to this, the functional form of L
(
pmiss

T |
pmiss, true

T

)
is required to calculate S(pmiss

T ). This can be

found following a few assumptions. Firstly, the pT measure-
ment for each object, pObj

T , is assumed to be independent
of all others (where Obj ∈ {e, γ, τ, μ, jet}). Each of the
objects measuring pObj

T (given a true value of pObject,true
T )

is taken to follow a particular probability distribution of the

form f
(
pObj

T − pObject,true
T

)
. The probability distribution for

each object is assumed to be Gaussian and has a covariance
matrix labelled VObj. This is the sum of covariances quan-
tifying the resolutions of each object, in pT and φ, entering
the pmiss

T calculation. Finally, conservation of momentum in
the transverse plane means that if the true momentum of
each measured particle were to be summed this would bal-
ance with the negative signed invisible particle momentum:∑

Objects p
Obj
T = − pmiss, true

T .

With these assumptions made, the form of the likelihood
is

L
(
pmiss

T | pmiss, true
T

)

∝ exp

[
−1

2

(
pmiss

T − pmiss, true
T

)T

×
⎛
⎝ ∑

Objects

VObj

⎞
⎠

−1 (
pmiss

T − pmiss, true
T

)
⎤
⎥⎦ ,

which is a two dimensional Gaussian distribution. Entering
this into the maximised log likelihood ratio, Eq. (8), results
in the cancellation of any preceding coefficients and leaves:

S2 =
(
pmiss

T

)T

⎛
⎝ ∑

Objects

VObj

⎞
⎠

−1 (
pmiss

T

)
. (9)

This is now a sum of independent standard normal vari-
ables in two dimensions, or more simply a χ2 hypothesis test
in two dimensions. Equation (9) links pmiss

T to all the object

Table 4 Selections for the pmiss
T working points supported for EMTopo jets

Selections

pT [GeV] for fJVT for jets with
jets with: JVT for jets with 2.5 < |η| < 4.5 &

Working point |η| < 2.4 2.4 < |η| < 4.5 |η| < 2.4 pT < 120 GeV

Loose > 20 > 20 > 0.59 for pT < 60 GeV –

Tight > 20 > 30 > 0.59 for pT < 60 GeV < 0.4

Tighter > 20 > 35 > 0.59 for pT < 60 GeV –

Tenacious > 20 > 35 > 0.91 for 20 < pT < 40 GeV < 0.5

> 0.59 for 40 < pT < 60 GeV

> 0.11 for 60 < pT < 120 GeV
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Fig. 17 Distributions of pmiss
T (a) and its constituent soft (b) terms in

MC and data. Events satisfy a Z → μμ selection. EMTopo jets are
used with a jet inclusive selection and the Tight pmiss

T working point.

Sherpa is used to generate the Z → μμ events. The error band includes
MC statistical, luminosity and detector uncertainties

resolutions which are encoded in the covariance matrix sum-
mation.

In this format the results of the χ2 test are easily inter-
preted with a single value that indicates how likely it is that
the null hypothesis ( pmiss, true

T = 0) holds. Low values of S2

indicate that the pmiss
T comes from fake sources like mismea-

surement or resolution effects while high values show that it
is likely the pmiss

T comes from a real invisible particle leaving
the detector without interaction.

The covariance matrix for each object is defined with an
axis along the measured transverse momentum vector of the
object under consideration, pObj

T . This allows each object’s
covariance matrix to be simply written in terms of the res-
olution of the magnitude of pObj

T and the resolution in the
azimuthal angle,

VObj =
⎛
⎝

σ 2
pObj

T

0

0 pObj
T

2
σ 2

φObj

⎞
⎠ ,

under the condition that pObj
T and φObj are independent mea-

surements.
So far only the well defined hard objects have been con-

sidered but as was seen there is a soft term in Eq. (1) with
its own resolution. The covariance matrix for the soft term
is defined in a similar fashion to the objects in Eq. (11) and

allows the complete covariance matrix to be written as:

V =
∑

Objects

VObj + VSoft.

The soft term is included in the Obj set with the other hard
objects. The total covariance matrix can be rotated using the
two dimensional rotation matrix R

(
φObj

)
in the azimuthal

plane,

Vxy =
∑

Objects

R−1
(
φObj

)
VObj R

(
φObj

)
=

(
σ 2
x σ 2

xy
σ 2
xy σ 2

y

)
.

Here the σ terms are now the combined resolutions of pmiss
T

in x and y. To simplify the situation even further it is prudent
to again rotate the system to the frame of pmiss

T . In this frame
there are two components to the total pmiss

T resolutions; one
longitudinal (or parallel) “L” and another transverse (or per-
pendicular) to pmiss

T “T”. To do this another two dimensional
rotation matrix is applied, R

(
φ

(
pmiss

T

))
, to end up with:

VLT = R
(
φ

(
pmiss

T

))
Vxy R

−1
(
φ

(
pmiss

T

))

=
(

σ 2
L ρLTσLσT

ρLTσLσT σ 2
T

)
.

The longitudinal variance is σL, the transverse variance
is σT and ρLT represents the covariance between measure-
ments in the longitudinal and transverse directions. Equa-
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Fig. 18 The pmiss
x and pmiss

y resolution for different jet selections (sel.)

(a) and different pmiss
T working points (b) as a function of μ. The

Tight pmiss
T working point is used and Sherpa Z → μμ MC sim-

ulated events are used. EMTopo jets are used. The error bars include

the MC statistical uncertainty. In the y-axis label of the lower pan-
els, ‘incl.’ refers to the inclusive jet selection, ‘sel.’ to the alternate
jet selection under consideration and ‘WP’ to the working point under
consideration

tion (9) takes the inverse of V, this can be retrieved using the
following relation for a two-by-two matrix,

V−1 = 1

det V
[(trV)I − V] .

Which gives,

V−1
LT = 1

σ 2
Lσ 2

T − ρ2
LTσ 2

Lσ 2
T

(
σ 2

T −ρLTσLσT

−ρLTσLσT σ 2
L

)
. (10)

This can finally be substituted into a slightly more expanded
version (for clarity) of Eq. (9) with the total covariance matrix
in the “LT” frame, as defined above,

S2 =
(
pmiss

T , 0
)
V−1

LT

(
pmiss

T
0

)
.

Finally entering Eq. (10) and multiplying out the matrix one
ends up with the much simpler definition of S(pmiss

T ):

S2 = |pmiss
T |2

σ 2
L

(
1 − ρ2

LT

) (11)

or

S(pmiss
T ) = pmiss

T√
σ 2

L

(
1 − ρ2

LT

) .

Equation (11) is the final object-based missing transverse
momentum significance and is a true significance. This vari-

able contains the measured quantity in the numerator along
with information on the variance of its measurement in the
denominator in a dimensionless way.

B pmiss
T with EMTopo jets

EMTopo jets are reconstructed from topo-clusters, using the
anti-kt algorithm with R = 0.4. The topo-clusters are cal-
ibrated at the EM energy scale, and fully calibrated [57].
Requirements of pT > 20 GeV and |η| < 4.5 are made
on the calibrated EMTopo jets. Tracks are matched to jets
using ghost-association [69]. This consists of repeating the
jet clustering process with the addition of ‘ghost’ versions of
tracks with the same direction but infinitesimal pT. A track
is ghost-associated if it is contained within the re-clustered
jet. After full calibration, EMTopo jets are subject to JVT
requirements that are the same as those for PFlow jets, except
that JVT > 0.59 is used to achieve the same efficiency.

The reconstruction of pmiss
T when EMTopo jets are used

follows the procedure defined in Sect. 6. Similar to PFlow-
based pmiss

T (illustrated in Table 3), four working points are
supported, and shown in Table 4.

Figure 17 shows the pmiss
T and psoft

T distributions, for pmiss
T

built from EMTopo jets satisfying a Z → μμ selection.
These show a similar level of agreement between data and
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Fig. 19 A summary of the psoft
T systematic uncertainties for pmiss

T built
with EMTopo jets. The parallel scale (�L), parallel resolution (σ‖) and
transverse resolution (σ⊥) of the psoft

T projection onto the phard
T , binned

in phard
T . Full Run 2 data and Monte Carlo samples are shown with a

Z → ee event selection applied

Monte-Carlo simulation in comparison to the PFlow-based
distributions shown in Fig. 1. The soft term has a smaller
tail when PFlow jets are used to build pmiss

T compared to
using EMTopo jets, attributed to the particle flow algorithm’s
improved ability to reject pile-up (Fig. 18).

The values of the soft term uncertainties calculated for
EMTopo, are given Fig. 19. The EMTopo uncertainties are
generally larger than for PFlow (shown in Fig. 13), attributed
to PFlow’s better rejection of poorly modelled pile-up.
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M. C. N. Fiolhais130a,130c,c , L. Fiorini163 , W. C. Fisher107 , T. Fitschen101 , P. M. Fitzhugh135, I. Fleck142 ,
P. Fleischmann106 , T. Flick171 , M. Flores33d,ae , L. R. Flores Castillo64a , L. Flores Sanz De Acedo36 ,
F. M. Follega78a,78b , N. Fomin16 , J. H. Foo155 , A. Formica135 , A. C. Forti101 , E. Fortin36 , A. W. Fortman17a ,
M. G. Foti17a , L. Fountas9,j , D. Fournier66 , H. Fox91 , P. Francavilla74a,74b , S. Francescato61 ,
S. Franchellucci56 , M. Franchini23a,23b , S. Franchino63a , D. Francis36, L. Franco113 , V. Franco Lima36 ,
L. Franconi48 , M. Franklin61 , G. Frattari26 , W. S. Freund83b , Y. Y. Frid152 , J. Friend59 , N. Fritzsche50 ,
A. Froch54 , D. Froidevaux36 , J. A. Frost126 , Y. Fu62a , S. Fuenzalida Garrido137f , M. Fujimoto102 ,
K. Y. Fung64a , E. Furtado De Simas Filho83b , M. Furukawa154 , J. Fuster163 , A. Gabrielli23a,23b ,
A. Gabrielli155 , P. Gadow36 , G. Gagliardi57a,57b , L. G. Gagnon17a , S. Galantzan152 , E. J. Gallas126 ,
B. J. Gallop134 , K. K. Gan119 , S. Ganguly154 , Y. Gao52 , F. M. Garay Walls137a,137b , B. Garcia29,
C. García163 , A. Garcia Alonso114 , A. G. Garcia Caffaro172 , J. E. García Navarro163 , M. Garcia-Sciveres17a ,
G. L. Gardner128 , R. W. Gardner39 , N. Garelli158 , D. Garg80 , R. B. Garg144,n , J. M. Gargan52 ,
C. A. Garner155, C. M. Garvey33a , P. Gaspar83b , V. K. Gassmann158, G. Gaudio73a , V. Gautam13, P. Gauzzi75a,75b ,
I. L. Gavrilenko37 , A. Gavrilyuk37 , C. Gay164 , G. Gaycken48 , E. N. Gazis10 , A. A. Geanta27b ,
C. M. Gee136 , A. Gekow119, C. Gemme57b , M. H. Genest60 , A. D. Gentry112 , S. George95 , W. F. George20 ,
T. Geralis46 , P. Gessinger-Befurt36 , M. E. Geyik171 , M. Ghani167 , M. Ghneimat142 , K. Ghorbanian94 ,
A. Ghosal142 , A. Ghosh159 , A. Ghosh7 , B. Giacobbe23b , S. Giagu75a,75b , T. Giani114 , P. Giannetti74a ,
A. Giannini62a , S. M. Gibson95 , M. Gignac136 , D. T. Gil86b , A. K. Gilbert86a , B. J. Gilbert41 , D. Gillberg34 ,
G. Gilles114 , L. Ginabat127 , D. M. Gingrich2,ah , M. P. Giordani69a,69c , P. F. Giraud135 , G. Giugliarelli69a,69c ,
D. Giugni71a , F. Giuli36 , I. Gkialas9,j , L. K. Gladilin37 , C. Glasman99 , G. R. Gledhill123 , G. Glemža48 ,
M. Glisic123, I. Gnesi43b,f , Y. Go29 , M. Goblirsch-Kolb36 , B. Gocke49 , D. Godin108, B. Gokturk21a ,
S. Goldfarb105 , T. Golling56 , M. G. D. Gololo33g , D. Golubkov37 , J. P. Gombas107 , A. Gomes130a,130b ,
G. Gomes Da Silva142 , A. J. Gomez Delegido163 , R. Gonçalo130a,130c , L. Gonella20 , A. Gongadze150c ,
F. Gonnella20 , J. L. Gonski144 , R. Y. González Andana52 , S. González de la Hoz163 , R. Gonzalez Lopez92 ,
C. Gonzalez Renteria17a , M. V. Gonzalez Rodrigues48 , R. Gonzalez Suarez161 , S. Gonzalez-Sevilla56 ,
G. R. Gonzalvo Rodriguez163 , L. Goossens36 , B. Gorini36 , E. Gorini70a,70b , A. Gorišek93 , T. C. Gosart128 ,
A. T. Goshaw51 , M. I. Gostkin38 , S. Goswami121 , C. A. Gottardo36 , S. A. Gotz109 , M. Gouighri35b ,
V. Goumarre48 , A. G. Goussiou139 , N. Govender33c , I. Grabowska-Bold86a , K. Graham34 , E. Gramstad125 ,
S. Grancagnolo70a,70b , C. M. Grant1,135, P. M. Gravila27f , F. G. Gravili70a,70b , H. M. Gray17a , M. Greco70a,70b ,
C. Grefe24 , I. M. Gregor48 , P. Grenier144 , S. G. Grewe110, A. A. Grillo136 , K. Grimm31 , S. Grinstein13,u ,
J.-F. Grivaz66 , E. Gross169 , J. Grosse-Knetter55 , J. C. Grundy126 , L. Guan106 , C. Gubbels164 ,
J. G. R. Guerrero Rojas163 , G. Guerrieri69a,69c , F. Guescini110 , R. Gugel100 , J. A. M. Guhit106 , A. Guida18 ,
E. Guilloton134,167 , S. Guindon36 , F. Guo14a,14e , J. Guo62c , L. Guo48 , Y. Guo106 , R. Gupta48 , R. Gupta129 ,
S. Gurbuz24 , S. S. Gurdasani54 , G. Gustavino36 , M. Guth56 , P. Gutierrez120 , L. F. Gutierrez Zagazeta128 ,

123

http://orcid.org/0000-0003-2408-5099
http://orcid.org/0000-0002-0683-9910
http://orcid.org/0000-0002-5381-2649
http://orcid.org/0000-0001-9909-0090
http://orcid.org/0000-0001-9884-3070
http://orcid.org/0000-0001-6113-0878
http://orcid.org/0000-0001-6322-6195
http://orcid.org/0000-0003-1530-0519
http://orcid.org/0000-0001-8955-9510
http://orcid.org/0000-0002-2885-9779
http://orcid.org/0009-0004-5587-1804
http://orcid.org/0000-0003-0699-3931
http://orcid.org/0000-0002-6758-0113
http://orcid.org/0000-0001-8703-7938
http://orcid.org/0000-0003-2182-2727
http://orcid.org/0000-0002-3847-0775
http://orcid.org/0000-0002-7276-6342
http://orcid.org/0000-0002-7756-7801
http://orcid.org/0000-0001-5914-0524
http://orcid.org/0000-0002-5916-3467
http://orcid.org/0000-0002-8713-8162
http://orcid.org/0000-0002-9092-9344
http://orcid.org/0000-0003-2499-1649
http://orcid.org/0000-0002-4871-2176
http://orcid.org/0000-0002-5833-7058
http://orcid.org/0000-0003-3310-4642
http://orcid.org/0000-0002-7667-260X
http://orcid.org/0000-0001-9935-6397
http://orcid.org/0000-0003-2626-2247
http://orcid.org/0000-0002-5789-9825
http://orcid.org/0000-0003-3469-6045
http://orcid.org/0000-0002-6066-4744
http://orcid.org/0000-0003-4157-592X
http://orcid.org/0000-0001-5430-4702
http://orcid.org/0000-0003-1464-0335
http://orcid.org/0000-0001-9632-6352
http://orcid.org/0000-0002-0805-9184
http://orcid.org/0000-0002-2878-261X
http://orcid.org/0000-0003-3300-9717
http://orcid.org/0000-0003-0336-3723
http://orcid.org/0000-0001-5238-4921
http://orcid.org/0000-0001-5370-8377
http://orcid.org/0000-0002-2701-968X
http://orcid.org/0000-0003-3529-5171
http://orcid.org/0000-0002-4391-9100
http://orcid.org/0000-0002-7341-9115
http://orcid.org/0000-0002-7032-2799
http://orcid.org/0000-0002-7999-3767
http://orcid.org/0000-0001-9172-2946
http://orcid.org/0000-0002-8955-9681
http://orcid.org/0000-0002-9669-5374
http://orcid.org/0000-0001-5997-3569
http://orcid.org/0000-0001-5265-3175
http://orcid.org/0000-0003-3596-5331
http://orcid.org/0000-0002-1920-4930
http://orcid.org/0000-0001-8899-051X
http://orcid.org/0000-0002-1213-0545
http://orcid.org/0000-0002-1363-9175
http://orcid.org/0000-0002-9916-3349
http://orcid.org/0000-0003-2296-1112
http://orcid.org/0000-0002-4095-4808
http://orcid.org/0000-0003-4543-6599
http://orcid.org/0000-0003-4656-3936
http://orcid.org/0000-0003-4270-2775
http://orcid.org/0000-0003-4442-4537
http://orcid.org/0000-0001-6871-7794
http://orcid.org/0000-0003-0434-6925
http://orcid.org/0000-0003-2183-3127
http://orcid.org/0000-0002-4333-5084
http://orcid.org/0000-0002-7520-293X
http://orcid.org/0000-0002-7912-2830
http://orcid.org/0000-0001-8474-0978
http://orcid.org/0000-0002-4002-8353
http://orcid.org/0000-0002-4056-4578
http://orcid.org/0000-0003-0154-4328
http://orcid.org/0000-0001-7882-2125
http://orcid.org/0009-0006-2877-7710
http://orcid.org/0000-0002-7118-341X
http://orcid.org/0000-0002-2298-3605
http://orcid.org/0000-0002-2004-476X
http://orcid.org/0000-0003-4278-7182
http://orcid.org/0000-0003-2611-1975
http://orcid.org/0000-0001-7868-3858
http://orcid.org/0000-0001-8630-6585
http://orcid.org/0000-0002-8773-145X
http://orcid.org/0000-0001-9442-7598
http://orcid.org/0000-0003-2245-150X
http://orcid.org/0000-0003-0000-2439
http://orcid.org/0000-0002-3983-0728
http://orcid.org/0000-0003-1363-9324
http://orcid.org/0000-0001-5350-9271
http://orcid.org/0000-0002-6423-7213
http://orcid.org/0000-0003-1289-2141
http://orcid.org/0000-0003-3731-820X
http://orcid.org/0000-0003-2596-8264
http://orcid.org/0000-0002-2190-9091
http://orcid.org/0000-0001-5137-473X
http://orcid.org/0000-0003-4176-2768
http://orcid.org/0000-0002-1733-7158
http://orcid.org/0000-0003-4124-7862
http://orcid.org/0000-0002-1403-0951
http://orcid.org/0000-0002-0731-9562
http://orcid.org/0000-0001-9138-3200
http://orcid.org/0000-0002-0698-1482
http://orcid.org/0000-0001-5155-3420
http://orcid.org/0009-0007-2746-3813
http://orcid.org/0000-0001-5489-1759
http://orcid.org/0000-0003-2352-7334
http://orcid.org/0000-0003-0172-9373
http://orcid.org/0000-0002-7818-6971
http://orcid.org/0000-0003-2372-1444
http://orcid.org/0000-0002-1007-7816
http://orcid.org/0000-0003-2887-5311
http://orcid.org/0000-0002-1387-153X
http://orcid.org/0000-0001-5566-1373
http://orcid.org/0000-0002-5687-9240
http://orcid.org/0000-0002-5562-7893
http://orcid.org/0000-0002-4610-5612
http://orcid.org/0000-0002-1217-4097
http://orcid.org/0000-0001-5671-1555
http://orcid.org/0000-0001-6967-7325
http://orcid.org/0000-0003-3338-2247
http://orcid.org/0000-0001-9035-0335
http://orcid.org/0000-0002-5070-2735
http://orcid.org/0000-0003-3043-3045
http://orcid.org/0000-0002-1152-7372
http://orcid.org/0000-0003-1461-8648
http://orcid.org/0000-0001-6968-340X
http://orcid.org/0000-0002-8356-6987
http://orcid.org/0000-0002-4462-2851
http://orcid.org/0000-0003-1551-5974
http://orcid.org/0000-0002-4006-3597
http://orcid.org/0000-0003-2317-9560
http://orcid.org/0000-0001-9457-394X
http://orcid.org/0000-0003-4577-0685
http://orcid.org/0000-0001-8308-2643
http://orcid.org/0000-0002-0532-7921
http://orcid.org/0000-0002-6418-9522
http://orcid.org/0000-0001-9454-9069
http://orcid.org/0000-0002-0976-7246
http://orcid.org/0000-0002-9986-6597
http://orcid.org/0000-0003-4836-0358
http://orcid.org/0000-0003-3089-6090
http://orcid.org/0000-0003-1164-6870
http://orcid.org/0000-0001-5315-9275
http://orcid.org/0000-0003-0695-0798
http://orcid.org/0000-0002-4554-252X
http://orcid.org/0000-0002-8159-8010
http://orcid.org/0000-0002-1687-4314
http://orcid.org/0000-0002-3761-209X
http://orcid.org/0000-0002-0647-6072
http://orcid.org/0000-0002-6595-883X
http://orcid.org/0000-0002-7829-6564
http://orcid.org/0000-0003-4473-1027
http://orcid.org/0000-0003-1565-1773
http://orcid.org/0009-0001-8430-1454
http://orcid.org/0000-0002-9350-1060
http://orcid.org/0000-0002-8259-2622
http://orcid.org/0000-0003-3986-3922
http://orcid.org/0000-0003-3562-9944
http://orcid.org/0000-0002-7370-7395
http://orcid.org/0000-0002-7835-5157
http://orcid.org/0000-0002-6701-8198
http://orcid.org/0000-0003-2131-2970
http://orcid.org/0000-0001-8707-785X
http://orcid.org/0000-0003-4888-2260
http://orcid.org/0000-0002-1290-2031
http://orcid.org/0000-0001-5346-7841
http://orcid.org/0000-0003-0768-9325
http://orcid.org/0000-0003-4475-6734
http://orcid.org/0000-0002-3550-4124
http://orcid.org/0000-0003-3000-8479
http://orcid.org/0000-0001-5047-5889
http://orcid.org/0000-0002-1259-1034
http://orcid.org/0000-0001-7401-5043
http://orcid.org/0000-0002-1550-1487
http://orcid.org/0000-0003-1285-9261
http://orcid.org/0000-0001-6326-4773
http://orcid.org/0000-0002-6670-1104
http://orcid.org/0000-0003-1625-7452
http://orcid.org/0000-0002-9566-7793
http://orcid.org/0000-0001-9095-4710
http://orcid.org/0000-0002-0279-0523
http://orcid.org/0000-0002-5800-4210
http://orcid.org/0000-0002-8980-3314
http://orcid.org/0000-0003-1433-9366
http://orcid.org/0000-0003-0534-9634
http://orcid.org/0000-0001-8383-9343
http://orcid.org/0000-0002-2691-7963
http://orcid.org/0009-0003-7280-8906
http://orcid.org/0000-0001-8849-4970
http://orcid.org/0000-0002-9232-1332
http://orcid.org/0000-0002-6833-0933
http://orcid.org/0000-0003-4841-5822
http://orcid.org/0000-0001-7219-2636
http://orcid.org/0000-0003-3837-6567
http://orcid.org/0000-0002-9354-9507
http://orcid.org/0000-0002-2941-9257
http://orcid.org/0000-0002-9272-4254
http://orcid.org/0000-0003-2781-2933
http://orcid.org/0000-0002-3271-7861
http://orcid.org/0000-0002-1702-5699
http://orcid.org/0000-0002-4098-2024
http://orcid.org/0009-0003-8477-0095
http://orcid.org/0000-0003-3565-3290
http://orcid.org/0000-0003-3674-7475
http://orcid.org/0000-0001-7188-979X
http://orcid.org/0000-0002-3056-7417
http://orcid.org/0000-0002-7491-0838
http://orcid.org/0000-0002-4123-508X
http://orcid.org/0000-0002-4931-2764
http://orcid.org/0000-0002-7985-9445
http://orcid.org/0000-0003-0661-9288
http://orcid.org/0000-0003-0819-1553
http://orcid.org/0000-0002-5716-356X
http://orcid.org/0000-0003-2987-7642
http://orcid.org/0000-0001-9192-3537
http://orcid.org/0000-0001-7135-6731
http://orcid.org/0000-0002-3721-9490
http://orcid.org/0000-0002-5683-814X
http://orcid.org/0000-0002-1236-9249
http://orcid.org/0000-0003-4155-7844
http://orcid.org/0000-0001-9021-8836
http://orcid.org/0000-0002-8813-4446
http://orcid.org/0000-0003-0731-710X
http://orcid.org/0000-0003-0341-0171
http://orcid.org/0000-0001-8451-4604
http://orcid.org/0000-0002-7834-8117
http://orcid.org/0000-0002-2552-1449
http://orcid.org/0000-0002-0792-6039
http://orcid.org/0000-0002-8485-9351
http://orcid.org/0000-0001-5765-1750
http://orcid.org/0000-0002-6976-0951
http://orcid.org/0000-0002-8506-274X
http://orcid.org/0000-0002-8402-723X
http://orcid.org/0000-0001-9422-8636
http://orcid.org/0000-0003-2025-3817
http://orcid.org/0000-0001-7701-5030
http://orcid.org/0000-0003-4977-5256
http://orcid.org/0000-0002-0772-7312
http://orcid.org/0000-0003-1253-1223
http://orcid.org/0000-0002-2785-9654
http://orcid.org/0000-0001-8074-2538
http://orcid.org/0000-0002-6045-8617
http://orcid.org/0000-0002-1677-3097
http://orcid.org/0000-0001-8535-6687
http://orcid.org/0000-0002-0689-5402
http://orcid.org/0000-0002-5521-9793
http://orcid.org/0000-0002-8285-3570
http://orcid.org/0000-0002-5940-9893
http://orcid.org/0000-0002-3552-1266
http://orcid.org/0000-0003-4315-2621
http://orcid.org/0000-0002-3826-3442
http://orcid.org/0000-0002-4919-0808
http://orcid.org/0000-0001-8183-1612
http://orcid.org/0000-0003-0885-1654
http://orcid.org/0000-0003-2037-6315
http://orcid.org/0000-0002-0700-1757
http://orcid.org/0000-0001-5304-5390
http://orcid.org/0000-0003-2302-8754
http://orcid.org/0000-0003-0079-8924
http://orcid.org/0000-0002-7906-8088
http://orcid.org/0000-0002-6126-7230
http://orcid.org/0000-0003-4458-9403
http://orcid.org/0000-0002-6816-4795
http://orcid.org/0000-0002-2536-4498
http://orcid.org/0000-0003-4177-9666
http://orcid.org/0000-0002-7688-2797
http://orcid.org/0000-0002-3903-3438
http://orcid.org/0000-0002-8867-2551
http://orcid.org/0000-0002-5704-0885
http://orcid.org/0000-0002-4311-3756
http://orcid.org/0000-0001-9566-4640
http://orcid.org/0000-0003-0348-0364
http://orcid.org/0000-0002-7518-7055
http://orcid.org/0000-0002-9551-0251
http://orcid.org/0000-0002-1294-9091
http://orcid.org/0000-0001-6211-7122
http://orcid.org/0000-0002-5068-5429
http://orcid.org/0000-0001-9159-1210
http://orcid.org/0000-0002-5832-8653
http://orcid.org/0000-0001-5792-5352
http://orcid.org/0000-0001-8490-8304
http://orcid.org/0000-0002-0154-577X
http://orcid.org/0000-0003-2422-5960
http://orcid.org/0000-0002-5293-4716
http://orcid.org/0000-0001-8687-7273
http://orcid.org/0000-0001-7050-5301
http://orcid.org/0000-0002-5976-7818
http://orcid.org/0000-0002-9926-5417
http://orcid.org/0000-0003-2950-1872
http://orcid.org/0000-0001-6587-7397
http://orcid.org/0000-0002-6460-8694
http://orcid.org/0000-0003-4793-7995
http://orcid.org/0000-0003-1244-9350
http://orcid.org/0000-0003-3085-7067
http://orcid.org/0000-0001-7136-0597
http://orcid.org/0000-0003-1897-1617
http://orcid.org/0000-0003-2329-4219
http://orcid.org/0000-0001-8487-3594
http://orcid.org/0000-0002-3403-1177
http://orcid.org/0000-0001-5351-2673
http://orcid.org/0000-0002-3349-1163
http://orcid.org/0000-0002-9802-0901
http://orcid.org/0000-0001-9021-9038
http://orcid.org/0000-0003-4814-6693
http://orcid.org/0000-0001-7595-3859
http://orcid.org/0000-0002-3864-9257
http://orcid.org/0000-0001-8125-9433
http://orcid.org/0000-0002-6785-9202
http://orcid.org/0000-0002-6027-5132
http://orcid.org/0000-0003-1510-3371
http://orcid.org/0000-0002-8508-8405
http://orcid.org/0000-0002-9152-1455
http://orcid.org/0000-0002-8836-0099
http://orcid.org/0000-0002-5938-4921
http://orcid.org/0000-0002-6647-1433
http://orcid.org/0000-0003-2326-3877
http://orcid.org/0000-0003-0374-1595


Eur. Phys. J. C           (2025) 85:606 Page 35 of 45   606 

M. Gutsche50 , C. Gutschow96 , C. Gwenlan126 , C. B. Gwilliam92 , E. S. Haaland125 , A. Haas117 ,
M. Habedank48 , C. Haber17a , H. K. Hadavand8 , A. Hadef50 , S. Hadzic110 , A. I. Hagan91 , J. J. Hahn142 ,
E. H. Haines96 , M. Haleem166 , J. Haley121 , J. J. Hall140 , G. D. Hallewell102 , L. Halser19 , K. Hamano165 ,
M. Hamer24 , G. N. Hamity52 , E. J. Hampshire95 , J. Han62b , K. Han62a , L. Han14c , L. Han62a ,
S. Han17a , Y. F. Han155 , K. Hanagaki84 , M. Hance136 , D. A. Hangal41 , H. Hanif143 , M. D. Hank128 ,
J. B. Hansen42 , P. H. Hansen42 , K. Hara157 , D. Harada56 , T. Harenberg171 , S. Harkusha37 , M. L. Harris103 ,
Y. T. Harris126 , J. Harrison13 , N. M. Harrison119 , P. F. Harrison167, N. M. Hartman110 , N. M. Hartmann109 ,
Y. Hasegawa141 , R. Hauser107 , C. M. Hawkes20 , R. J. Hawkings36 , Y. Hayashi154 , S. Hayashida111 ,
D. Hayden107 , C. Hayes106 , R. L. Hayes114 , C. P. Hays126 , J. M. Hays94 , H. S. Hayward92 , F. He62a ,
M. He14a,14e , Y. He138 , Y. He48 , Y. He96 , N. B. Heatley94 , V. Hedberg98 , A. L. Heggelund125 ,
N. D. Hehir94,* , C. Heidegger54 , K. K. Heidegger54 , W. D. Heidorn81 , J. Heilman34 , S. Heim48 ,
T. Heim17a , J. G. Heinlein128 , J. J. Heinrich123 , L. Heinrich110,af , J. Hejbal131 , A. Held170 , S. Hellesund16 ,
C. M. Helling164 , S. Hellman47a,47b , R. C. W. Henderson91, L. Henkelmann32 , A. M. Henriques Correia36,
H. Herde98 , Y. Hernández Jiménez146 , L. M. Herrmann24 , T. Herrmann50 , G. Herten54 , R. Hertenberger109 ,
L. Hervas36 , M. E. Hesping100 , N. P. Hessey156a , E. Hill155 , S. J. Hillier20 , J. R. Hinds107 , F. Hinterkeuser24 ,
M. Hirose124 , S. Hirose157 , D. Hirschbuehl171 , T. G. Hitchings101 , B. Hiti93 , J. Hobbs146 , R. Hobincu27e ,
N. Hod169 , M. C. Hodgkinson140 , B. H. Hodkinson126 , A. Hoecker36 , D. D. Hofer106 , J. Hofer48 ,
T. Holm24 , M. Holzbock110 , L. B. A. H. Hommels32 , B. P. Honan101 , J. Hong62c , T. M. Hong129 ,
B. H. Hooberman162 , W. H. Hopkins6 , Y. Horii111 , S. Hou149 , A. S. Howard93 , J. Howarth59 , J. Hoya6 ,
M. Hrabovsky122 , A. Hrynevich48 , T. Hryn’ova4 , P. J. Hsu65 , S. -C. Hsu139 , Q. Hu62a , S. Huang64b ,
X. Huang14c , X. Huang14a,14e , Y. Huang140 , Y. Huang14a , Z. Huang101 , Z. Hubacek132 , M. Huebner24 ,
F. Huegging24 , T. B. Huffman126 , C. A. Hugli48 , M. Huhtinen36 , S. K. Huiberts16 , R. Hulsken104 ,
N. Huseynov12 , J. Huston107 , J. Huth61 , R. Hyneman144 , G. Iacobucci56 , G. Iakovidis29 , I. Ibragimov142 ,
L. Iconomidou-Fayard66 , J. P. Iddon36 , P. Iengo72a,72b , R. Iguchi154 , T. Iizawa126 , Y. Ikegami84 ,
N. Ilic155 , H. Imam35a , M. Ince Lezki56 , T. Ingebretsen Carlson47a,47b , G. Introzzi73a,73b , M. Iodice77a ,
V. Ippolito75a,75b , R. K. Irwin92 , M. Ishino154 , W. Islam170 , C. Issever18,48 , S. Istin21a,al , H. Ito168 ,
R. Iuppa78a,78b , A. Ivina169 , J. M. Izen45 , V. Izzo72a , P. Jacka131,132 , P. Jackson1 , B. P. Jaeger143 ,
C. S. Jagfeld109 , G. Jain156a , P. Jain54 , K. Jakobs54 , T. Jakoubek169 , J. Jamieson59 , K. W. Janas86a ,
M. Javurkova103 , L. Jeanty123 , J. Jejelava150a,ab , P. Jenni54,g , C. E. Jessiman34 , C. Jia62b , J. Jia146 ,
X. Jia61 , X. Jia14a,14e , Z. Jia14c , S. Jiggins48 , J. Jimenez Pena13 , S. Jin14c , A. Jinaru27b , O. Jinnouchi138 ,
P. Johansson140 , K. A. Johns7 , J. W. Johnson136 , D. M. Jones32 , E. Jones48 , P. Jones32 , R. W. L. Jones91 ,
T. J. Jones92 , H. L. Joos36,55 , R. Joshi119 , J. Jovicevic15 , X. Ju17a , J. J. Junggeburth103 , T. Junkermann63a ,
A. Juste Rozas13,u , M. K. Juzek87 , S. Kabana137e , A. Kaczmarska87 , M. Kado110 , H. Kagan119 ,
M. Kagan144 , A. Kahn41, A. Kahn128 , C. Kahra100 , T. Kaji154 , E. Kajomovitz151 , N. Kakati169 ,
I. Kalaitzidou54 , C. W. Kalderon29 , N. J. Kang136 , D. Kar33g , K. Karava126 , M. J. Kareem156b ,
E. Karentzos54 , I. Karkanias153 , O. Karkout114 , S. N. Karpov38 , Z. M. Karpova38 , V. Kartvelishvili91 ,
A. N. Karyukhin37 , E. Kasimi153 , J. Katzy48 , S. Kaur34 , K. Kawade141 , M. P. Kawale120 , C. Kawamoto88 ,
T. Kawamoto62a , E. F. Kay36 , F. I. Kaya158 , S. Kazakos107 , V. F. Kazanin37 , Y. Ke146 , J. M. Keaveney33a ,
R. Keeler165 , G. V. Kehris61 , J. S. Keller34 , A. S. Kelly96, J. J. Kempster147 , P. D. Kennedy100 , O. Kepka131 ,
B. P. Kerridge134 , S. Kersten171 , B. P. Kerševan93 , S. Keshri66 , L. Keszeghova28a , S. Ketabchi Haghighat155 ,
R. A. Khan129 , A. Khanov121 , A. G. Kharlamov37 , T. Kharlamova37 , E. E. Khoda139 , M. Kholodenko37 ,
T. J. Khoo18 , G. Khoriauli166 , J. Khubua150b,* , Y. A. R. Khwaira66 , B. Kibirige33g, A. Kilgallon123 ,
D. W. Kim47a,47b , Y. K. Kim39 , N. Kimura96 , M. K. Kingston55 , A. Kirchhoff55 , C. Kirfel24 ,
F. Kirfel24 , J. Kirk134 , A. E. Kiryunin110 , C. Kitsaki10 , O. Kivernyk24 , M. Klassen63a , C. Klein34 ,
L. Klein166 , M. H. Klein44 , S. B. Klein56 , U. Klein92 , P. Klimek36 , A. Klimentov29 , T. Klioutchnikova36 ,
P. Kluit114 , S. Kluth110 , E. Kneringer79 , T. M. Knight155 , A. Knue49 , R. Kobayashi88 , M. Kobel50 ,
D. Kobylianskii169 , S. F. Koch126 , M. Kocian144 , P. Kodyš133 , D. M. Koeck123 , P. T. Koenig24 ,
T. Koffas34 , O. Kolay50 , I. Koletsou4 , T. Komarek122 , K. Köneke54 , A. X. Y. Kong1 , T. Kono118 ,
N. Konstantinidis96 , P. Kontaxakis56 , B. Konya98 , R. Kopeliansky68 , S. Koperny86a , K. Korcyl87 ,
K. Kordas153,e , A. Korn96 , S. Korn55 , I. Korolkov13 , N. Korotkova37 , B. Kortman114 , O. Kortner110 ,
S. Kortner110 , W. H. Kostecka115 , V. V. Kostyukhin142 , A. Kotsokechagia135 , A. Kotwal51 , A. Koulouris36 ,
A. Kourkoumeli-Charalampidi73a,73b , C. Kourkoumelis9 , E. Kourlitis110 , O. Kovanda123 , R. Kowalewski165 ,
W. Kozanecki135 , A. S. Kozhin37 , V. A. Kramarenko37 , G. Kramberger93 , P. Kramer100 , M. W. Krasny127 ,

123

http://orcid.org/0000-0002-0947-7062
http://orcid.org/0000-0003-0857-794X
http://orcid.org/0000-0002-3518-0617
http://orcid.org/0000-0002-9401-5304
http://orcid.org/0000-0002-3676-493X
http://orcid.org/0000-0002-4832-0455
http://orcid.org/0000-0002-7412-9355
http://orcid.org/0000-0002-0155-1360
http://orcid.org/0000-0001-5447-3346
http://orcid.org/0000-0003-2508-0628
http://orcid.org/0000-0002-8875-8523
http://orcid.org/0000-0002-2079-4739
http://orcid.org/0000-0002-1677-4735
http://orcid.org/0000-0002-5417-2081
http://orcid.org/0000-0003-3826-6333
http://orcid.org/0000-0002-6938-7405
http://orcid.org/0000-0002-8304-9170
http://orcid.org/0000-0001-6267-8560
http://orcid.org/0000-0002-0759-7247
http://orcid.org/0000-0002-9438-8020
http://orcid.org/0000-0003-1550-2030
http://orcid.org/0000-0002-4537-0377
http://orcid.org/0000-0001-7988-4504
http://orcid.org/0000-0002-1008-0943
http://orcid.org/0000-0002-1627-4810
http://orcid.org/0000-0003-3321-8412
http://orcid.org/0000-0002-6353-9711
http://orcid.org/0000-0001-8383-7348
http://orcid.org/0000-0002-7084-8424
http://orcid.org/0000-0003-0676-0441
http://orcid.org/0000-0001-8392-0934
http://orcid.org/0000-0002-3826-7232
http://orcid.org/0000-0002-0984-7887
http://orcid.org/0000-0002-4731-6120
http://orcid.org/0000-0002-3684-8340
http://orcid.org/0000-0002-6764-4789
http://orcid.org/0000-0003-1629-0535
http://orcid.org/0000-0002-0792-0569
http://orcid.org/0000-0001-8682-3734
http://orcid.org/0000-0002-0309-4490
http://orcid.org/0009-0001-8882-5976
http://orcid.org/0000-0001-5816-2158
http://orcid.org/0000-0003-2576-080X
http://orcid.org/0000-0002-7461-8351
http://orcid.org/0000-0001-9111-4916
http://orcid.org/0000-0003-0047-2908
http://orcid.org/0000-0003-2683-7389
http://orcid.org/0000-0001-7682-8857
http://orcid.org/0000-0001-9167-0592
http://orcid.org/0000-0001-9719-0290
http://orcid.org/0000-0002-1222-4672
http://orcid.org/0000-0002-5924-3803
http://orcid.org/0000-0001-5220-2972
http://orcid.org/0000-0002-0298-0351
http://orcid.org/0000-0001-7752-9285
http://orcid.org/0000-0003-2371-9723
http://orcid.org/0000-0003-1554-5401
http://orcid.org/0000-0002-0972-3411
http://orcid.org/0000-0003-3733-4058
http://orcid.org/0000-0003-0514-2115
http://orcid.org/0000-0002-0619-1579
http://orcid.org/0000-0001-8068-5596
http://orcid.org/0009-0005-3061-4294
http://orcid.org/0000-0003-2204-4779
http://orcid.org/0000-0002-4596-3965
http://orcid.org/0000-0002-7736-2806
http://orcid.org/0000-0003-0466-4472
http://orcid.org/0000-0001-8821-1205
http://orcid.org/0000-0003-3113-0484
http://orcid.org/0000-0001-9539-6957
http://orcid.org/0000-0001-6792-2294
http://orcid.org/0000-0002-2639-6571
http://orcid.org/0000-0002-7669-5318
http://orcid.org/0000-0001-6878-9405
http://orcid.org/0000-0002-0253-0924
http://orcid.org/0000-0002-4048-7584
http://orcid.org/0000-0002-4600-3659
http://orcid.org/0000-0002-8924-5885
http://orcid.org/0000-0002-4424-4643
http://orcid.org/0000-0002-2657-7532
http://orcid.org/0000-0002-5415-1600
http://orcid.org/0000-0001-8231-2080
http://orcid.org/0000-0001-8926-6734
http://orcid.org/0000-0001-9844-6200
http://orcid.org/0000-0002-8794-0948
http://orcid.org/0000-0002-1478-3152
http://orcid.org/0000-0001-7661-5122
http://orcid.org/0000-0002-2646-5805
http://orcid.org/0000-0002-0778-2717
http://orcid.org/0000-0002-2447-904X
http://orcid.org/0000-0002-6698-9937
http://orcid.org/0000-0002-1725-7414
http://orcid.org/0000-0002-7599-6469
http://orcid.org/0000-0001-7844-8815
http://orcid.org/0000-0002-0556-189X
http://orcid.org/0000-0003-4988-9149
http://orcid.org/0000-0002-2389-1286
http://orcid.org/0000-0002-7998-8925
http://orcid.org/0000-0001-8978-7118
http://orcid.org/0000-0002-8668-6933
http://orcid.org/0000-0001-5404-7857
http://orcid.org/0000-0001-7602-5771
http://orcid.org/0000-0001-5241-0544
http://orcid.org/0000-0002-1040-1241
http://orcid.org/0000-0002-2244-189X
http://orcid.org/0000-0002-6596-9395
http://orcid.org/0000-0003-0028-6486
http://orcid.org/0000-0003-2799-5020
http://orcid.org/0000-0001-5407-7247
http://orcid.org/0000-0001-8018-4185
http://orcid.org/0000-0003-0684-600X
http://orcid.org/0000-0002-2698-4787
http://orcid.org/0000-0002-7494-5504
http://orcid.org/0000-0001-7834-328X
http://orcid.org/0000-0002-4090-6099
http://orcid.org/0000-0001-7814-8740
http://orcid.org/0000-0003-0457-3052
http://orcid.org/0000-0001-9861-151X
http://orcid.org/0000-0003-0625-8996
http://orcid.org/0000-0002-0560-8985
http://orcid.org/0000-0002-7562-0234
http://orcid.org/0000-0003-4223-7316
http://orcid.org/0000-0002-5411-114X
http://orcid.org/0000-0001-5914-8614
http://orcid.org/0000-0003-3895-8356
http://orcid.org/0000-0001-6214-8500
http://orcid.org/0000-0002-9705-7518
http://orcid.org/0000-0002-1177-6758
http://orcid.org/0000-0002-6617-3807
http://orcid.org/0009-0004-1494-0543
http://orcid.org/0000-0003-1826-2749
http://orcid.org/0000-0002-5972-2855
http://orcid.org/0000-0002-9008-1937
http://orcid.org/0000-0003-3250-9066
http://orcid.org/0000-0002-1162-8763
http://orcid.org/0000-0002-7472-3151
http://orcid.org/0000-0002-5332-2738
http://orcid.org/0000-0002-3654-5614
http://orcid.org/0000-0002-1752-3583
http://orcid.org/0000-0002-3277-7418
http://orcid.org/0000-0002-0095-1290
http://orcid.org/0000-0003-2201-5572
http://orcid.org/0000-0001-9097-3014
http://orcid.org/0000-0002-6867-2538
http://orcid.org/0000-0002-9093-7141
http://orcid.org/0000-0001-9965-5442
http://orcid.org/0000-0002-0330-5921
http://orcid.org/0000-0001-8847-7337
http://orcid.org/0000-0001-6334-6648
http://orcid.org/0000-0002-2851-5554
http://orcid.org/0000-0002-5035-1242
http://orcid.org/0000-0002-0940-244X
http://orcid.org/0000-0001-5312-4865
http://orcid.org/0000-0001-7287-6579
http://orcid.org/0000-0003-0105-7634
http://orcid.org/0000-0002-7854-3174
http://orcid.org/0000-0001-6907-0195
http://orcid.org/0000-0002-3699-8517
http://orcid.org/0000-0002-1314-2580
http://orcid.org/0000-0003-4446-8150
http://orcid.org/0000-0001-5126-1620
http://orcid.org/0000-0001-6067-104X
http://orcid.org/0000-0002-7185-1334
http://orcid.org/0000-0002-5624-5934
http://orcid.org/0000-0001-8259-1067
http://orcid.org/0000-0001-8504-6291
http://orcid.org/0000-0003-2018-5850
http://orcid.org/0000-0001-5038-2762
http://orcid.org/0000-0002-9152-383X
http://orcid.org/0000-0002-9846-5601
http://orcid.org/0000-0002-8770-1592
http://orcid.org/0000-0003-2489-9930
http://orcid.org/0000-0002-0847-402X
http://orcid.org/0000-0002-5094-5067
http://orcid.org/0000-0002-1669-759X
http://orcid.org/0000-0001-8067-0984
http://orcid.org/0000-0001-7277-9912
http://orcid.org/0000-0001-8885-012X
http://orcid.org/0000-0001-7038-0369
http://orcid.org/0000-0001-9554-0787
http://orcid.org/0000-0001-5411-8934
http://orcid.org/0000-0001-8798-808X
http://orcid.org/0000-0001-6507-4623
http://orcid.org/0000-0002-0159-6593
http://orcid.org/0000-0002-4539-4192
http://orcid.org/0000-0002-2839-801X
http://orcid.org/0000-0003-2226-0519
http://orcid.org/0000-0002-5725-3397
http://orcid.org/0000-0003-4178-5003
http://orcid.org/0000-0002-5254-9930
http://orcid.org/0000-0002-2657-3099
http://orcid.org/0000-0003-2906-1977
http://orcid.org/0000-0002-8705-628X
http://orcid.org/0000-0002-5076-7803
http://orcid.org/0000-0001-7449-9164
http://orcid.org/0000-0001-5073-0974
http://orcid.org/0000-0001-5410-1315
http://orcid.org/0000-0001-9147-6052
http://orcid.org/0000-0002-4837-3733
http://orcid.org/0000-0002-9204-4689
http://orcid.org/0000-0001-6289-2292
http://orcid.org/0000-0002-6293-6432
http://orcid.org/0000-0002-6427-3513
http://orcid.org/0000-0002-2580-1977
http://orcid.org/0000-0003-4313-4255
http://orcid.org/0000-0001-6249-7444
http://orcid.org/0000-0001-5650-4556
http://orcid.org/0000-0002-9745-1638
http://orcid.org/0000-0001-7205-1171
http://orcid.org/0000-0002-1119-8820
http://orcid.org/0000-0002-1558-3291
http://orcid.org/0000-0002-7269-9194
http://orcid.org/0000-0003-0568-5750
http://orcid.org/0000-0002-8880-4120
http://orcid.org/0000-0002-1003-7638
http://orcid.org/0000-0002-4693-7857
http://orcid.org/0000-0002-3386-6869
http://orcid.org/0000-0001-7131-3029
http://orcid.org/0000-0002-9003-5711
http://orcid.org/0000-0002-6532-7501
http://orcid.org/0000-0002-8464-1790
http://orcid.org/0000-0003-2155-1859
http://orcid.org/0000-0002-4563-3253
http://orcid.org/0000-0002-2875-853X
http://orcid.org/0000-0001-5009-0399
http://orcid.org/0000-0002-4238-9822
http://orcid.org/0000-0002-5010-8613
http://orcid.org/0000-0001-8967-1705
http://orcid.org/0000-0002-1037-1206
http://orcid.org/0000-0002-6940-261X
http://orcid.org/0000-0002-4907-9499
http://orcid.org/0000-0002-2230-5353
http://orcid.org/0000-0003-0254-4629
http://orcid.org/0000-0002-1957-3787
http://orcid.org/0000-0001-9087-4315
http://orcid.org/0000-0002-7139-8197
http://orcid.org/0000-0003-3121-395X
http://orcid.org/0000-0002-7602-1284
http://orcid.org/0000-0002-7874-6107
http://orcid.org/0009-0008-7282-7396
http://orcid.org/0000-0002-3057-8378
http://orcid.org/0000-0002-5841-5511
http://orcid.org/0000-0002-6304-3230
http://orcid.org/0000-0002-9775-7303
http://orcid.org/0000-0002-7252-3201
http://orcid.org/0000-0002-4906-5468
http://orcid.org/0000-0001-5798-6665
http://orcid.org/0000-0003-0766-5307
http://orcid.org/0000-0002-0510-4189
http://orcid.org/0000-0002-1119-1004
http://orcid.org/0000-0001-7140-9813
http://orcid.org/0000-0003-4168-3373
http://orcid.org/0000-0002-8491-2570
http://orcid.org/0000-0002-2555-497X
http://orcid.org/0000-0003-4171-1768
http://orcid.org/0000-0002-0511-2592
http://orcid.org/0000-0002-4529-452X
http://orcid.org/0000-0003-3280-2350
http://orcid.org/0000-0001-6830-4244
http://orcid.org/0000-0002-8597-3834
http://orcid.org/0009-0005-8074-6156
http://orcid.org/0000-0001-9621-422X
http://orcid.org/0000-0002-1051-3833
http://orcid.org/0000-0002-0387-6804
http://orcid.org/0000-0001-8720-6615
http://orcid.org/0000-0002-8340-9455
http://orcid.org/0000-0002-5954-3101
http://orcid.org/0000-0002-6353-8452
http://orcid.org/0000-0003-2350-1249
http://orcid.org/0000-0001-8538-1647
http://orcid.org/0000-0003-1450-0009
http://orcid.org/0000-0002-9635-1491
http://orcid.org/0000-0003-3286-1326
http://orcid.org/0000-0002-8883-9374
http://orcid.org/0009-0003-7785-7803
http://orcid.org/0000-0001-5611-9543
http://orcid.org/0000-0003-1679-6907
http://orcid.org/0000-0001-6242-8852
http://orcid.org/0000-0001-8096-7577
http://orcid.org/0000-0001-7490-6890
http://orcid.org/0000-0003-4431-8400
http://orcid.org/0000-0002-6854-2717
http://orcid.org/0000-0002-4326-9742
http://orcid.org/0000-0002-3780-1755
http://orcid.org/0000-0002-0145-4747
http://orcid.org/0000-0002-9999-2534
http://orcid.org/0000-0002-2999-6150
http://orcid.org/0000-0001-7391-5330
http://orcid.org/0000-0003-1661-6873
http://orcid.org/0000-0003-2748-4829
http://orcid.org/0000-0002-9580-0363
http://orcid.org/0000-0001-6419-5829
http://orcid.org/0000-0001-8484-2261
http://orcid.org/0000-0002-6206-1912
http://orcid.org/0000-0003-2486-7672
http://orcid.org/0000-0002-1559-9285
http://orcid.org/0000-0002-7584-078X
http://orcid.org/0000-0002-0124-2699
http://orcid.org/0009-0002-0070-5900
http://orcid.org/0000-0002-2676-2842
http://orcid.org/0000-0003-4559-6058
http://orcid.org/0000-0002-8644-2349
http://orcid.org/0000-0002-9090-5502
http://orcid.org/0000-0002-0497-3550
http://orcid.org/0000-0001-9612-4988
http://orcid.org/0000-0003-2526-4910
http://orcid.org/0000-0002-8560-8917
http://orcid.org/0000-0002-3047-3146
http://orcid.org/0000-0002-6901-9717
http://orcid.org/0000-0001-8063-8765
http://orcid.org/0000-0003-1553-2950
http://orcid.org/0000-0002-4140-6360
http://orcid.org/0000-0002-4860-5979
http://orcid.org/0000-0002-1859-6557
http://orcid.org/0000-0002-8775-1194
http://orcid.org/0000-0002-2023-5945
http://orcid.org/0000-0001-8085-4505
http://orcid.org/0000-0003-0486-2081
http://orcid.org/0000-0002-3962-2099
http://orcid.org/0000-0001-9291-5408
http://orcid.org/0000-0002-9211-9775
http://orcid.org/0000-0003-3640-8676
http://orcid.org/0000-0001-7081-3275
http://orcid.org/0000-0003-0352-3096
http://orcid.org/0000-0001-8667-1814
http://orcid.org/0000-0003-1772-6898
http://orcid.org/0000-0002-0490-9209
http://orcid.org/0000-0002-8057-9467
http://orcid.org/0000-0003-3384-5053
http://orcid.org/0000-0003-1012-4675
http://orcid.org/0000-0002-6614-108X
http://orcid.org/0000-0003-0083-274X
http://orcid.org/0000-0001-6568-2047
http://orcid.org/0000-0003-0294-3953
http://orcid.org/0000-0002-7314-0990
http://orcid.org/0000-0001-6226-8385
http://orcid.org/0000-0003-4724-9017
http://orcid.org/0000-0002-8625-5586
http://orcid.org/0000-0002-7580-384X
http://orcid.org/0000-0002-0296-5899
http://orcid.org/0000-0002-7440-0520


  606 Page 36 of 45 Eur. Phys. J. C           (2025) 85:606 

A. Krasznahorkay36 , J. W. Kraus171 , J. A. Kremer48 , T. Kresse50 , J. Kretzschmar92 , K. Kreul18 ,
P. Krieger155 , S. Krishnamurthy103 , M. Krivos133 , K. Krizka20 , K. Kroeninger49 , H. Kroha110 ,
J. Kroll131 , J. Kroll128 , K. S. Krowpman107 , U. Kruchonak38 , H. Krüger24 , N. Krumnack81, M. C. Kruse51 ,
O. Kuchinskaia37 , S. Kuday3a , S. Kuehn36 , R. Kuesters54 , T. Kuhl48 , V. Kukhtin38 , Y. Kulchitsky37,a ,
S. Kuleshov137b,137d , M. Kumar33g , N. Kumari48 , P. Kumari156b , A. Kupco131 , T. Kupfer49, A. Kupich37 ,
O. Kuprash54 , H. Kurashige85 , L. L. Kurchaninov156a , O. Kurdysh66 , Y. A. Kurochkin37 , A. Kurova37 ,
M. Kuze138 , A. K. Kvam103 , J. Kvita122 , T. Kwan104 , N. G. Kyriacou106 , L. A. O. Laatu102 , C. Lacasta163 ,
F. Lacava75a,75b , H. Lacker18 , D. Lacour127 , N. N. Lad96 , E. Ladygin38 , B. Laforge127 , T. Lagouri27b ,
F. Z. Lahbabi35a , S. Lai55 , I. K. Lakomiec86a , N. Lalloue60 , J. E. Lambert165 , S. Lammers68 ,
W. Lampl7 , C. Lampoudis153,e , A. N. Lancaster115 , E. Lançon29 , U. Landgraf54 , M. P. J. Landon94 ,
V. S. Lang54 , O. K. B. Langrekken125 , A. J. Lankford159 , F. Lanni36 , K. Lantzsch24 , A. Lanza73a ,
A. Lapertosa57a,57b , J. F. Laporte135 , T. Lari71a , F. Lasagni Manghi23b , M. Lassnig36 , V. Latonova131 ,
A. Laudrain100 , A. Laurier151 , S. D. Lawlor140 , Z. Lawrence101 , R. Lazaridou167, M. Lazzaroni71a,71b ,
B. Le101, E. M. Le Boulicaut51 , B. Leban93 , A. Lebedev81 , M. LeBlanc101 , F. Ledroit-Guillon60 , A. C. A. Lee96,
S. C. Lee149 , S. Lee47a,47b , T. F. Lee92 , L. L. Leeuw33c , H. P. Lefebvre95 , M. Lefebvre165 , C. Leggett17a ,
G. Lehmann Miotto36 , M. Leigh56 , W. A. Leight103 , W. Leinonen113 , A. Leisos153,t , M. A. L. Leite83c ,
C. E. Leitgeb18 , R. Leitner133 , K. J. C. Leney44 , T. Lenz24 , S. Leone74a , C. Leonidopoulos52 , A. Leopold145 ,
C. Leroy108 , R. Les107 , C. G. Lester32 , M. Levchenko37 , J. Levêque4 , L. J. Levinson169 , G. Levrini23a,23b ,
M. P. Lewicki87 , D. J. Lewis4 , A. Li5 , B. Li62b , C. Li62a, C.-Q. Li110 , H. Li62a , H. Li62b , H. Li14c ,
H. Li14b , H. Li62b , J. Li62c , K. Li139 , L. Li62c , M. Li14a,14e , Q. Y. Li62a , S. Li14a,14e , S. Li62c,62d,d ,
T. Li5 , X. Li104 , Z. Li126 , Z. Li104 , Z. Li14a,14e , S. Liang14a,14e , Z. Liang14a , M. Liberatore135 ,
B. Liberti76a , K. Lie64c , J. Lieber Marin83b , H. Lien68 , K. Lin107 , R. E. Lindley7 , J. H. Lindon2 ,
E. Lipeles128 , A. Lipniacka16 , A. Lister164 , J. D. Little4 , B. Liu14a , B. X. Liu143 , D. Liu62c,62d ,
J. B. Liu62a , J. K. K. Liu32 , K. Liu62c,62d , M. Liu62a , M. Y. Liu62a , P. Liu14a , Q. Liu62c,62d,139 ,
X. Liu62a , X. Liu62b , Y. Liu14d,14e , Y. L. Liu62b , Y. W. Liu62a , J. Llorente Merino143 , S. L. Lloyd94 ,
E. M. Lobodzinska48 , P. Loch7 , T. Lohse18 , K. Lohwasser140 , E. Loiacono48 , M. Lokajicek131,* ,
J. D. Lomas20 , J. D. Long162 , I. Longarini159 , L. Longo70a,70b , R. Longo162 , I. Lopez Paz67 ,
A. Lopez Solis48 , J. Lorenz109 , N. Lorenzo Martinez4 , A. M. Lory109 , G. Löschcke Centeno147 , O. Loseva37 ,
X. Lou47a,47b , X. Lou14a,14e , A. Lounis66 , P. A. Love91 , G. Lu14a,14e , M. Lu80 , S. Lu128 , Y. J. Lu65 ,
H. J. Lubatti139 , C. Luci75a,75b , F. L. Lucio Alves14c , F. Luehring68 , I. Luise146 , O. Lukianchuk66 ,
O. Lundberg145 , B. Lund-Jensen145,* , N. A. Luongo6 , M. S. Lutz36 , A. B. Lux25 , D. Lynn29 ,
R. Lysak131 , E. Lytken98 , V. Lyubushkin38 , T. Lyubushkina38 , M. M. Lyukova146 , H. Ma29 , K. Ma62a ,
L. L. Ma62b , W. Ma62a , Y. Ma121 , D. M. Mac Donell165 , G. Maccarrone53 , J. C. MacDonald100 ,
P. C. Machado De Abreu Farias83b , R. Madar40 , W. F. Mader50 , T. Madula96 , J. Maeda85 , T. Maeno29 ,
H. Maguire140 , V. Maiboroda135 , A. Maio130a,130b,130d , K. Maj86a , O. Majersky48 , S. Majewski123 ,
N. Makovec66 , V. Maksimovic15 , B. Malaescu127 , Pa. Malecki87 , V. P. Maleev37 , F. Malek60,o ,
M. Mali93 , D. Malito95 , U. Mallik80,* , S. Maltezos10, S. Malyukov38, J. Mamuzic13 , G. Mancini53 ,
M. N. Mancini26 , G. Manco73a,73b , J. P. Mandalia94 , I. Mandić93 , L. Manhaes de Andrade Filho83a ,
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