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We present a search for the pair production of Higgsinos in final states with large missing transverse
momentum and either two reconstructed muons or a reconstructed lepton (muon or electron) and an isolated
track. The analyzed data correspond to proton-proton collisions with an integrated luminosity of 137 fb−1,
collected by the CMS experiment at

ffiffiffi
s

p ¼ 13 TeV in 2016, 2017, and 2018. The signal scenario assumes
four nearly mass degenerate Higgsino mass eigenstates: two neutralino states χ̃02 and χ̃01 with a small mass
difference in the range 1–10 GeV and two chargino states χ̃�1 with an intermediate mass. The analysis
focuses on the decay of the heavier neutralino into the lighter one and a virtual Z boson, which decays into
two same-flavor leptons. The leptons have small transverse momentum and/or a small opening angle
between the identified muons. An isolated track is used to recover events in which only one of the two
leptons is identified. Multivariate discriminants are used to enhance the sensitivity by efficiently rejecting
backgrounds from SM processes or misreconstructed tracks and/or leptons. The search explores a unique
phase space and probes a previously unexplored region of the signal model parameter space. Mass
differences between the two neutralinos are probed down to 1.5 GeV, assuming a Higgsinomass of 100 GeV.
The maximum excluded Higgsino mass is 115 GeV.
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I. INTRODUCTION

Physics scenarios beyond the standard model (SM) that
feature near-degenerate electroweak (EW) doublets or
multiplets are well-motivated candidates for explaining
dark matter (DM) [1,2]. For example, in inert doublet
[3] and inelastic DM [4,5] models, the lightest of two or
more states, if neutral and stable, may account for the
observed DM relic abundance. Higgsinos in R-parity-
conserving supersymmetry (SUSY) [6–14] are also viable
DM candidates, offering a solution not only to the DM
puzzle but also to the large [15] and small [16,17] hierarchy
problems, whereby fine-tuning among the Lagrangian
parameters remains unexplained. To address these issues,
Higgsino mass eigenstates must typically be of the order of
100 GeV, making them potentially detectable at the CERN
LHC. The viable parameter space of these models has been
explored and constrained by searches for beyond-the-SM
physics using the Run 2 (2016–2018) data of ATLAS [18]
and CMS [19], by experiments at the CERN Large
Electron-Positron Collider (LEP) [20], and by DM direct

detection experiments [21–23]. Some parameter space
remains unprobed, particularly in scenarios with highly
compressed mass spectra, where “highly compressed”
refers to mass splittings between produced and decayed
particles of or less than the scale of the J=ψ .
In the minimal supersymmetric standard model (MSSM),

the SM Lagrangian is extended to be invariant under SUSY
transformations and includes a second complex scalar
doublet. A total of eight Higgs and Higgsino fields before
EW symmetry breaking give rise to five physical Higgs
bosons and four Higgsino mass eigenstates after symmetry
breaking. The Higgsinos mix with the superpartners of the
W and B bosons (wino and bino) to form four chargino
(χ̃�1;2) and four neutralino (χ̃01;2;3;4) states, collectively
referred to as electroweakinos. In the limit where the wino
and bino mass parameters are much larger than the Higgsino
mass parameter, the lightest supersymmetric particle (LSP)
emerges as the lightest state χ̃01 among four nearly degen-
erate electroweakino states, which is stable. Although small
relative to the mass scale, a minimal mass difference of
approximately 300 MeV between the chargino and the LSP
is required by radiative corrections and cosmological con-
straints [24].
We present a search for compressed-spectrum Higgsinos

using proton-proton (pp) collision data recorded by CMS at
a center-of-mass energy of 13 TeV, targeting events featur-
ing the decay χ̃02 → llχ̃01, where l is a muon or electron.
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The analysis focuses on the so-called natural subspace,
characterized by large values of the ratio between the two
vacuum expectation values, tan β, and featuring a spectrum
where the mass difference Δm0 ¼ mðχ̃02Þ −mðχ̃01Þ is twice
the value of that between the chargino and the LSP,
Δm� ¼ mðχ̃�1 Þ −mðχ̃01Þ ¼ Δm0=2. Two processes domi-
nate the total signal production cross section and are
illustrated in Fig. 1. In both cases, the decay of the χ̃02
usually proceeds via a virtual Z boson, which subsequently
decays to a pair of low-momentum (soft) muons or
electrons. A branching fraction Bðχ̃02 → μμχ̃01Þ ¼ Bðχ̃02 →
eeχ̃01Þ of 5% is assumed, an approximate upper bound in the
MSSM. In the production mode featuring a chargino χ̃�1 , the
χ̃�1 decays predominantly to hadrons, most often a single
soft pion, via an off-shell W boson [24], to which the
analysis is insensitive. The analysis object selection is not
sensitive to these decays, and a branching fraction of 100%
for this dominant decay mode is assumed. The search
targets events with two opposite-charge, same-flavor lep-
tons where the magnitude of the missing transverse
momentum (pmiss

T ) is large due to the two undetected
LSPs with transverse momentum that recoils off of ini-
tial-state radiation (ISR).
Previous searches performed at the CERN LEP [25–30]

exclude charginos with masses up to approximately
90–100 GeV. The ATLAS and CMS Collaborations have
extended the exclusion reach to 205 GeV for a mass
splitting Δm� of 7.5 GeV, using final states with two
reconstructed, isolated leptons [31–33]. However, the sen-
sitivity decreases for smaller values of Δm� and becomes
negligible for splittings below 3 GeV, primarily due to
kinematic and isolation-based selection requirements on the
leptons, such as pT > 3.5 GeV and angular separation
ΔRðl1;l2Þ > 0.3 [33]. For Δm� values below 0.7 GeV,
sensitivity is recovered by searches targeting charginos with
macroscopic lifetimes using soft and isolated, as well as
disappearing track signatures [34–37]. Nonetheless, a gap in
sensitivity remains between the regimes targeted by track-
based and soft lepton searches.
To improve sensitivity in this region, we analyze events

with lepton candidates selected using relaxed kinematic
thresholds and identification criteria compared to previous

analyses. Signal regions (SRs) are constructed using
boosted decision trees (BDTs) trained to distinguish signal-
like events in the target phase space. The SRs are mutually
exclusive and statistically independent, both with respect to
each other and to those used in previous CMS analyses.
Three event categories are considered:

(i) dimuon: events with two reconstructed and identi-
fied muons;

(ii) muon þ exclusive track: one reconstructed muon
and an isolated exclusive track; and

(iii) electron þ exclusive track: one reconstructed elec-
tron and an isolated exclusive track.

Here, “exclusive” means that the track is not geometrically
matched to any identified lepton and is used as a proxy to
recover leptons that were not identified. This category
recovers up to 50% of such lost leptons, but contributes
only marginally to the final results because of residual
background. The use of events with two identified muons
where either at least one of the muons has pT < 3 GeV or
ΔRðllÞ < 0.3, as well as the leptonþ exclusive track
categories, make this analysis the first of its kind, establish-
ing sensitivity to previously unexplored regions of param-
eter space. A study with a similar final state has been
presented by the ATLAS Experiment [38].
The paper is structured as follows. Section II provides a

brief description of the CMS detector, event reconstruction,
and simulation. The object and event selection procedures
are described in Sec. III. The background estimation
methodology and the assessment of systematic uncertain-
ties are presented in Sec. IV. Section V contains the results
of the search, and a final summary can be found in Sec. VI.
Tabulated results are provided in the HEPData record for
this analysis [39].

II. THE CMS DETECTOR, EVENT
RECONSTRUCTION, AND SIMULATION

The CMS apparatus [40,41] is a multipurpose, nearly
hermetic detector, designed to trigger on [42–44] and
identify electrons, muons, photons, and charged and neutral
hadrons [45–47]. A global “particle-flow” (PF) algorithm
[48] aims to reconstruct all individual particles in an event
by combining information from the all-silicon inner
tracker, crystal electromagnetic and brass-scintillator hadron

FIG. 1. Diagrams illustrating the production and decay of electroweakinos in the Higgsino simplified model via the χ̃02χ̃
0
1 (left) and

χ̃02χ̃
�
1 (right) processes.
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calorimeters, which operate inside a 3.8 T superconducting
solenoid, and the gas-ionization muon detectors embedded
in the flux-return yoke outside the solenoid. The recon-
structed particles are used to build leptons and jets, as well
as pmiss

T [49,50].
The tracking system, which plays a central role in this

analysis, consists of silicon pixel and strip detectors located
within the solenoid volume [40,51]. The inner tracker used
during the 2016 data-taking period, referred to as the
“phase 0” tracker, measured charged particles within
jηj < 2.5. An upgraded pixel detector, known as the “phase
1” tracker, was installed at the beginning of 2017 and used
for the 2017 and 2018 data-taking periods. The phase 1
tracker extended the coverage to jηj < 3.0. In the barrel
region, charged-particle tracks pass through three (four)
pixel layers within a radius of 102 (160) mm in the phase 0
(phase 1) tracker. The strip tracker provides up to ten
additional tracking layers within a radius of 1.2 m.
Compared to the phase 0 tracker, the phase 1 upgrade
improves both tracking and vertex reconstruction perfor-
mance and enhances the efficiency of algorithms identify-
ing displaced b jets.
The electromagnetic calorimeter (ECAL) is a total

absorption calorimeter that measures the energy of electro-
magnetic showers using lead tungstate crystals. The lead
tungstate crystals are designed to fully contain energetic
electromagnetic showers and provide high resolution.
Because of the 3.8 T magnetic field from the CMS solenoid,
electromagnetic showers from electrons and photons are
broadened in the azimuthal angle and narrowed in the polar
angle. These characteristics are used to distinguish showers
from electrons and photons from those of hadrons.
The muon system comprises gas-ionization detectors

embedded in the steel flux-return yoke outside the solenoid,
enabling muon reconstruction within jηj < 2.4. It consists
of three types of detectors: drift tube chambers in the
central region, cathode strip chambers in the forward
region, and resistive-plate chambers covering both regions.
The fine granularity of the end cap muon detectors provides
efficient reconstruction for low-pT muons in the high-jηj
region [46], which are important for this analysis. In
contrast, muon acceptance is lower in the central region
due to the significant curvature of low-pT charged particles
in the magnetic field [46].
Electron tracks are reconstructed using a Gaussian sum

filter [52] that accounts for measurement errors, energy loss,
and multiple scattering as the electron traverses the detector
volume. The Gaussian-sum-filter tracks are matched with
energy clusters in the ECAL to form electron objects [53].
Electrons that pass a loose set of selection criteria are used in
this analysis because of their high reconstruction efficiency.
Jets are reconstructed offline from PF candidates clus-

tered using the anti-kT algorithm [54,55] with a distance
parameter of 0.4. Raw jet energies are corrected to establish
a uniform calorimeter response as a function of η and a

calibrated absolute response in transverse momentum pT.
Jets arising from the hadronization of b quarks, referred to
as b jets, are identified by the combined secondary vertex
algorithm based on deep neural networks, DeepCSV [56].
This algorithm achieves a high identification efficiency of
around 80%.
The SM production ofW þ jets → lνþ jets, Z þ jets →

ννþ jets, QCD, and tt̄ events is simulated using the
MadGraph5_aMC@NLO2.2.2 [57,58] event generator at leading
order (LO) precision. The tt̄ events are generated with up to
three additional partons in the matrix element calculations.
The W þ jets → lνþ jets and Z þ jets → ννþ jets events
are generated with up to four additional partons. Diboson
events, such as those originating from WW and ZZ
production, are generated with MadGraph5_aMC@NLO2.2.2 at
next-to-leading order (NLO) [59], except thatWW events in
which both W bosons decay leptonically are generated
using the POWHEGv2.0 [60–64] program at NLO. For back-
ground events, phase 0 samples use the CUETP8M1 tune
[65], while phase 1 samples use the CP5 tune [66]. Parton
showering and hadronization are simulated using the
PYTHIA 8.205 generator [67]. The detector response is
modeled with the Geant4 [68] suite of programs. Addit-
ional proton-proton collisions, distinct from the primary
vertex (PV) but occurring in the same bunch crossing, are
emulated at LO and superimposed onto the event.
Signal samples are generated using the CP2 tune [66].

Samples generated at LO (NLO) with the CUETP8M1 tune
use the NNPDF3.0LO (NNPDF3.0NLO) parton distribu-
tion functions (PDFs) [69], while those generated with the
CP2 or CP5 tune use the NNPDF3.1LO (NNPDF3.1
NNLO) PDFs [70]. Simulated signal events are generated
at leading order (LO) using the PYTHIA 8.205 generator [67].
To manage computational resources, the detector response
for signal events is modeled using the CMS fast simulation
framework [71,72], which yields results generally consis-
tent with those obtained from Geant4. To improve agreement
with Geant4, a correction of 1% is applied to account for
differences in the efficiency of the jet quality requirements
[49,50], and corrections of 5%–12% are applied to account
for differences in the b tagging efficiency.

III. OBJECT AND EVENT SELECTION

Signal event candidates for this analysis are recorded
using triggers that require pmiss

T to exceed a threshold
between 100 and 120 GeV, depending on the instantaneous
luminosity of the LHC.
Muons are selected with pT between 2 and 15 GeV and

jηj < 2.4. Electrons are selected with pT between 5 and
15 GeV and jηj < 2.5. Quality criteria are applied to the
track fit and to the consistency of momentum measure-
ments across subdetectors, aiming to optimize the balance
between selection efficiency and the misidentification rate.
No requirements are placed on the impact parameter of
reconstructed leptons with respect to the PV, to retain full
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efficiency in cases where leptons are displaced by up to
several millimeters from the PV. Both muons and electrons
are required to have ΔR > 0.4 from the leading jet and to
satisfy the jet-based isolation requirement described below.
Jets are selected with pT > 15 GeV and jηj < 5.0. Two

definitions of missing transverse momentum are used: the
standard pmiss

T and an alternative referred to as hard pmiss
T .

For the hard pmiss
T the transverse momentum vector sum is

performed over all objects with pT > 30 GeV instead of
over all reconstructed particles in the event. Unlike the
standard pmiss

T , the hard pmiss
T is uncorrelated with the jet-

based lepton isolation variable used to define the signal and
control regions (CRs), as explained below, and is more
robust against potential mismodeling of simultaneous
proton-proton collisions in a given bunch crossing (pileup).
A custom jet-based isolation criterion is defined for

leptons using a corrected set of jets. Jets are selected from
all reconstructed jets with pT < 30 GeV. For each such jet,
the momentum of each selected lepton within the jet is
vectorially subtracted from the jet momentum, resulting in
the corrected jet. The isolation criterion is determined by
two parameters: the lower threshold on the pT of the nearest
corrected jet and the upper threshold on theΔR between the
lepton and that jet. If the lepton does not lie within a ΔR of
0.6 of a corrected jet with pT > 10 GeV, it is considered
isolated.
Tracks are required to have pT > 1.9 GeV and jηj < 2.4.

The relative isolation is defined as the ratio of the scalar
sum of pT of other tracks within a cone of radius 0.3 around
the candidate track to the track pT, and must be less than
0.1. Tracks must have transverse and longitudinal impact
parameters jdxyj < 0.02 cm and jdzj < 0.02 cm, with
respect to the PV, which is the reconstructed vertex with
the largest value of summed physics-object p2

T. No selected
muon or electron may lie within ΔR of 0.01 of the track.
Tracks satisfying these criteria are referred to as exclusive
tracks.
Dedicated track-picking BDT classifiers are used to

identify which track in each signal event corresponds to
the lepton from the neutralino decay. Four separate BDTs
are trained, corresponding to the two lepton flavors and the
two detector phases. All classifiers share a common
structure of 200 decision trees with a maximum depth of
3. They are trained using the AdaBoost algorithm and the
Gini index as the separation criterion, as implemented in
the Hocker:2007ht package [73].
Training is performed on tracks from a dedicated signal

simulation, selected using the same object criteria as the
analysis but with slightly loosened requirements: a track
pT > 1 GeV and no vetoes based on the invariant mass of
the dilepton system, which are otherwise applied in the
preselection. The preselection described below is applied to
the simulated events used in the training samples, which are
split randomly and evenly between training and test sets. A
broad range of Higgsino mass parameters corresponding to

mðχ̃�1 Þ is considered, spanning 100–500 GeV. The training
is restricted to models with mass splittingsΔm0 in the range
0.3–4.6 GeV, prepared in Δm0 steps of 100 MeV. Tracks
are labeled as signal if they originate from leptons in the
χ̃02 → χ̃01l

þl− decay, as determined by geometrical match-
ing of trajectories, and as background otherwise. The
training and test sets are compared to ensure there is no
overtraining.
The jet-based isolation variable is uncorrelated with the

hard pmiss
T because the soft jets used to define it fall below

the pT threshold used in the computation of hard pmiss
T .

Leptons that fail the isolation requirement define a side-
band CR enriched in jet-related background. Background
contributions from this region are estimated as described
in Sec. IV.

A. Event selection

The event preselection, common to all analysis catego-
ries, consists of the following requirements:

(i) hard pmiss
T > 220 GeV and pmiss

T > 140 GeV, to
select events efficiently with respect to both signal
acceptance and trigger thresholds;

(ii) at least one jet with pT > 30 GeV and jηj < 2.4,
consistent with the presence of ISR;

(iii) Nbjets ¼ 0, namely zero reconstructed b jets, to
suppress tt̄ background;

(iv) minΔϕðhardp⃗miss
T ; p⃗TÞ > 0.4 for all jets to reduce

events with mismeasured jets contributing to
hard pmiss

T ;
(v) Nhard

l ¼ 0, to veto isolated leptons with pT >
30 GeV, suppressing backgrounds from W → lν
decays; and

(vi) 0.4 < mll < 12 GeV, to target the compressed
mass region of interest.

In the dimuon category, two reconstructed and identified
muons are required, and events must satisfy the following
criteria:

(i) Nμ ¼ 2, oppositely charged;
(ii) pTðμ2Þ < 3.5 GeV or ΔRðμ1; μ2Þ < 0.3, to ensure

no overlap with the search described in Ref. [33];
(iii) ΔRðμ1;2; j1Þ > 0.4, where j1 is the leading jet;
(iv) mll outside the ranges 0.75–0.81 and 3.0–3.2 GeV,

to veto ω, ρ0, and J=ψ resonances; and
(v) event BDT > 0, to enhance signal purity and reject

SM backgrounds.
The dimuon event BDT is constructed using several
observables, including the leading and subleading muon
pT, the ΔR and Δη between the two muons, the hard pmiss

T ,
and the differences in azimuthal angle between the hard
pmiss
T and the muons, as input features. The full set of

features is listed in Table I, ordered by their relative
importance. The most discriminating variable is the invari-
ant mass of the dimuon system, which has the characteristic
end point for signal corresponding to Δm0 compared to
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background. The dimuon event BDT output distributions
are shown in Fig. 2. Six SRs are defined for events with
BDToutput scores in bins with edges of 0, 0.1, 0.2, 0.3, 0.4,
0.5, and 1, given in order of increasing sensitivity. A single
event BDT is used for both detector configurations. The
leptonþ exclusive track event-level BDT importance rank-
ings are similar, with the ΔR being most highly ranked.
In the leptonþ exclusive track categories, the track with

the highest track-picking BDT score in each event is
selected as the recovered lepton candidate. Events in this
category must satisfy the preselection and baseline selec-
tions, as well as the following additional criteria:

(i) Nl ¼ 1, where the lepton passes the analysis muon
or electron selection;

(ii) maximum track BDT > 0;
(iii) event BDT > 0; and
(iv) ΔRðl; j1Þ > 0.4.

Event-level BDT classifiers are used to select signal
candidate events in the leptonþ exclusive track categories
while rejecting background events. The output score of each
BDT is used to define both the SRs and CRs. Separate
BDTs are trained for each lepton flavor and for each
detector configuration, resulting in a total of four BDTs
in the exclusive track category. These classifiers take as
input a similar set of variables as that listed in Table I,
substituting l2 properties with equivalent track properties.
The invariant mass of the track-lepton system ranks lowest,
although one-dimensional distributions indicate that it still
provides substantial discriminating power. The BDT cap-
tures the mass-related information encoded in the other

lepton and track features. Thirteen SRs are defined in the
output of the event BDT for each detector configuration and
lepton category, with 12 intervals of width 0.05 from 0 to
0.6, and a single SR with BDT > 0.6.

IV. BACKGROUNDS

The most significant backgrounds consist of events with
leptons originating either from jets or from decays of
electroweak bosons, primarily arising from W þ jets →
lνþ jets and Z þ jets → ννþ jets processes. In both cases,
at least one of the leptons is nonprompt and originates from
jet activity. These backgrounds are grouped into two main
categories, and a dedicated method is developed to estimate
the contribution from each. The measured contributions of
the backgrounds in the sideband regions are then used to
model the background in the SRs using a maximum
likelihood fit.

A. Background in dimuon category

The dominant background in the dimuon category arises
from lepton-track pairs produced in association with jets,
primarily from leptons originating in the electroweak decays
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FIG. 2. Unweighted distributions of the event-level BDT scores
for events from the signal and background training samples in the
dimuon category (upper) and the muonþ track category (lower),
based on the phase 1 detector configuration.

TABLE I. Input variables to the event-level BDT used in the
dimuon category, ranked by their importance in descending order.
The symbols l1 and l2 denote the leading and subleading
leptons, while the variable mT refers to the transverse mass
[74]. The minimization in minΔϕ is over jets.

Rank Variable

1 mll
2 pTðl1Þ
3 hardpmiss

T
4 HT
5 ΔRðl1;l2Þ
6 minΔϕðhardp⃗miss

T ; p⃗TðjÞÞ
7 pTðl1 þ l2Þ
8 pTðj1Þ
9 pTðl2Þ
10 ηðl1Þ
11 mTðl1Þ
12 jΔϕðl2; hardp⃗miss

T Þj
13 jΔϕðl1; hardp⃗miss

T Þj
14 jΔϕðl1;l2Þj
15 Njets

16 ηðj1Þ
17 jΔηðl1;l2Þj
18 mττ

SEARCH FOR HIGGSINOS IN FINAL STATES WITH LOW- … PHYS. REV. D 113, 092009 (2026)

092009-5



of hadrons. This jetty background is estimated using an
isolation sideband CR defined by inverting the jet-based
isolation criterion on the leptons. This region is used to
extract a template of the BDT score distribution that is
consistent with the shape of the jetty background in the SRs.
Although most leptons are produced within the cores of jets,
the distribution of angular distance between the lepton and
the jet exhibits a slowly falling tail that extends into the SR.
A second CR, defined by the sideband of the event-level
BDT score (BDT < 0), is used to normalize the background
rate, accounting for differences in the jetty background
production rate between the isolation sideband and main
band. The SR is defined by requiring BDT > 0 in the
isolation main band. The predicted jetty background in the
SR is given by

NSR
JettyðxÞ ¼ cTFJettyNSR

sidebandðxÞ

¼ Nnorm CR
main band

Nnorm CR
sideband

NSR
sidebandðxÞ; ð1Þ

where x is the binned BDToutput. The ratio of the yields in
the normalization regions is referred to as the transfer factor,
cTFJetty. The corresponding values are listed in Table II.
A small contribution to the dimuon category arises from

prompt, isolated leptons originating from the Z=γ� → τ−τþ
process. This background is estimated using simulated
event samples corrected with normalization factors derived
in a data CR enriched in Z=γ� events. The CR selects
events with two signal candidate leptons and requires the
reconstructed ditau mass mττ to lie within a window of 40–
130 GeV, consistent with the Z boson mass. The mττ

observable is based on the collinear approximation, first
described in Ref. [75] and employed in previous analyses,
e.g., Refs. [76,77]. In this approximation, it is assumed that
each τ lepton from the Z=γ� decay is sufficiently boosted
such that its own decay products are collinear, and that the
only source of missing transverse momentum is the
neutrinos from the τ lepton decays. The visible muon
momenta, together with pmiss

T and the known τ lepton mass,

are used to reconstruct the τ four-vectors and calculatemττ.
The data and background prediction are shown in the ττ
CR in Fig. 3. The ratio of data to simulation in this region
is used to extract the correction factors, denoted as cTFττ,
which are reported in Table II. Contamination from the
jetty background is subtracted from data using the method
described above. The uncertainty in the normalization
correction is large in phase 1 because of the large rate of
jetty background in the TF measurement region.

B. Background in exclusive track category

While tracks in signal candidate events are required to
have the opposite charge from the identified lepton, back-
ground events featuring same-charge tracks are otherwise
kinematically similar in the overwhelming majority of
cases. Backgrounds involving isolated leptons from the
prompt interaction are found to contribute negligibly to the
SRs. Therefore, the background in the SRs of the exclusive

TABLE II. Transfer factors and their associated statistical
uncertainties used to extrapolate background predictions from
CRs to the SR.

Method Flavor Phase cTF
Statistical
uncertainty

Relative
uncertainty

Jetty Muon 0 0.73 0.14 19%
Jetty Muon 1 0.62 0.06 9%
Exclusive track Muon 0 1.11 0.04 4%
Exclusive track Muon 1 1.07 0.02 2%
Exclusive track Electron 0 1.04 0.05 5%
Exclusive track Electron 1 1.05 0.03 3%
ττ Muon 0 1.18 0.45 38%
ττ Muon 1 0.29 0.26 90%
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FIG. 3. Distributions of the reconstructed ditau invariant mass
(mττ) in the BDT sideband CR, shown for phase 0 (upper) and
phase 1 (lower) detector configurations. The non-ττ background
is estimated using the data-driven jetty background method
described in the text. The gray hatching shows the statistical
uncertainty in the background prediction.
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track category is estimated using the same-charge CR,
defined by inverting the opposite-charge requirement while
applying the full analysis selection. The distribution in the
same-charge data CR is adjusted with a small normalization
correction derived using events with BDT < 0 to match the
count in the opposite-sign region. The method is validated
through closure tests performed in simulation, comparing
the prediction from the above method to the expected result
obtained directly from simulation. The resulting transfer
factors are reported in Table II.

C. Systematic uncertainty

Systematic uncertainty in the background prediction is
assessed based on discrepancies between observed and
predicted event counts in a same-charge dilepton CR, as
well as from validation studies performed using simulation.
The jetty background estimation method is performed in
simulated events and compared with the results from direct
simulation, and a first-order polynomial is fit to the ratio in
bins of the classifier. The best-fit result is found to be
statistically consistent with the unit line. The fit parameters
are varied by their statistical uncertainty to yield an alternate
prediction, the difference of which from the nominal
prediction is propagated as a systematic uncertainty.
Uncertainty values range from 8% to 22% of the estimated
yields, increasing with the value of the event classifier, and
are treated as fully correlated across bins. An uncertainty of
100% is assigned to the Z=γ� → τ−τþ background estimates
to cover the large variation in scale factors resulting from the
subtraction of the jetty background from the Z=γ� → τ−τþ
CR; this assignment has negligible impact on the sensitivity.
Several sources of uncertainty affecting the signal yield are
also identified and estimated, including uncertainty in the
modeling of the jet energy response, the pT spectrum of
ISR, the efficiency of lepton and b-tagged jet reconstruction,
identification, and selection, as well as the integrated
luminosity, trigger efficiency, and pileup profile. These
uncertainties amount to a total of 5%–20% in the SRs
and are incorporated into a maximum likelihood fit. Each
source of systematic uncertainty is log-normal distributed,
with a corresponding nuisance parameter that modifies the
predicted rate of a given process via a multiplicative factor.
The width of each log-normal distribution reflects the
relative variation in the predicted yield under a one-
standard-deviation (σ) shift of the associated uncertainty.
Statistical uncertainties in CRs and simulated event yields
are incorporated using gamma-distributed nuisance param-
eters. The likelihood combines all SRs in all event catego-
ries simultaneously.

V. RESULTS AND INTERPRETATION

The results of the analysis are shown in Fig. 4 for the
dimuon category and in Fig. 5 for the leptonþ exclusive
track categories. No significant deviation from the SM

expectation is observed, and the background model pro-
vides a good description of the data. A small excess is
observed in the most sensitive SR of the dimuon category,
more pronounced in the phase 1 dataset, as seen in Fig. 4.
The corresponding local significance, accounting for all
SRs from both datasets, is 2.2 standard deviations.
The results are interpreted in the context of the com-

pressed Higgsino simplified model introduced in Sec. I,
using the maximum likelihood fit. Both the expected and
observed limits are derived using the asymptotic approxi-
mation in a maximum likelihood framework [78].
Observed and expected counts are incorporated into the
likelihood for all SRs, corresponding to bins in the results
histograms with BDT > 0. The CLs method [79,80] is
employed to compute exclusion limits at the 95% confi-
dence level (CL) [81].
The limits are presented in the plane of Δm� and mðχ̃�1 Þ

in Fig. 6. As discussed in Sec. I, the mass splitting between
the neutralinos satisfies Δm0 ¼ 2Δm�, consistent with
scenarios of large tan β. The region enclosed by the
observed contour is excluded at 95% CL, while the color
scale indicates the corresponding upper limits on the signal
cross section. The green curve represents the minimum
allowed value of Δm� from theoretical calculations that
include radiative corrections, following the treatment in
Ref. [24]. The sensitivity peaks around Δm� ≈ 2 GeV,
where the analysis probes charginos up to masses of about
145 GeV, with the observed exclusion reaching up to
approximately 115 GeV. The observed limit is weaker than
the expected limit due to the somewhat larger observed
count in the tightest SR of phase 1.

VI. SUMMARY

A search for Higgsino pair production in compressed
mass spectra scenarios is performed using low-momentum
dimuon and lepton-track pairs in proton-proton collisions at
ffiffiffi
s

p ¼ 13 TeV, based on a data sample corresponding to an
integrated luminosity of 137 fb−1 [84–86] collected in
2016, 2017, and 2018 with the CMS detector. The results
are interpreted in a simplified model featuring a dark matter
candidate neutralino χ̃01 that is nearly mass-degenerate with
a slightly heavier neutralino χ̃02 and charginos χ̃�1 . The
search targets a region of parameter space where sensitivity
was limited in previous analyses [31,33], and extends the
reach in Δm0ð¼ 2Δm�Þ by 0.5–2 GeV in the most com-
pressed phase space. This region, characterized by low-
mass Higgsino eigenstates, is of particular theoretical
interest because of its relevance for naturalness and fine-
tuning arguments [15–17], addressing both the large and
small hierarchy problems. Values of Δm0 are probed down
to 1.5 GeV, assuming a chargino mass of 100 GeV. The
maximum excluded Higgsino mass is 115 GeV, corre-
sponding to aΔm0 of 3.5 GeV. These results place stringent
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constraints on natural supersymmetry and other models
predicting electroweak multiplet dark matter.
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A. Pauls ,46 D. Pérez Adán ,46 N. Röwert ,46 M. Teroerde ,46 C. Daumann,47 S. Diekmann ,47 A. Dodonova ,47

N. Eich ,47 D. Eliseev ,47 F. Engelke ,47 J. Erdmann ,47 M. Erdmann ,47 B. Fischer ,47 T. Hebbeker ,47

K. Hoepfner ,47 F. Ivone ,47 A. Jung ,47 N. Kumar ,47 M. y. Lee ,47 F. Mausolf ,47 M. Merschmeyer ,47 A. Meyer ,47

F. Nowotny,47 A. Pozdnyakov ,47 W. Redjeb ,47 H. Reithler ,47 U. Sarkar ,47 V. Sarkisovi ,47 A. Schmidt ,47 C. Seth,47

A. Sharma ,47 J. L. Spah ,47 V. Vaulin,47 S. Zaleski,47 M. R. Beckers ,48 C. Dziwok ,48 G. Flügge ,48 N. Hoeflich ,48

T. Kress ,48 A. Nowack ,48 O. Pooth ,48 A. Stahl ,48 A. Zotz ,48 H. Aarup Petersen ,49 A. Abel,49

M. Aldaya Martin ,49 J. Alimena ,49 S. Amoroso,49 Y. An ,49 I. Andreev ,49 J. Bach ,49 S. Baxter ,49

M. Bayatmakou ,49 H. Becerril Gonzalez ,49 O. Behnke ,49 A. Belvedere ,49 F. Blekman ,49,v K. Borras ,49,w

A. Campbell ,49 S. Chatterjee ,49 L. X. Coll Saravia ,49 G. Eckerlin,49 D. Eckstein ,49 E. Gallo ,49,v A. Geiser ,49

V. Guglielmi ,49 M. Guthoff ,49 A. Hinzmann ,49 L. Jeppe ,49 M. Kasemann ,49 C. Kleinwort ,49 R. Kogler ,49

M. Komm ,49 D. Krücker ,49 W. Lange,49 D. Leyva Pernia ,49 K.-Y. Lin ,49 K. Lipka ,49,x W. Lohmann ,49,y

J. Malvaso ,49 R. Mankel ,49 I.-A. Melzer-Pellmann ,49 M. Mendizabal Morentin ,49 A. B. Meyer ,49 G. Milella ,49

K. Moral Figueroa ,49 A. Mussgiller ,49 L. P. Nair ,49 J. Niedziela ,49 A. Nürnberg ,49 J. Park ,49 E. Ranken ,49

A. Raspereza ,49 D. Rastorguev ,49 L. Rygaard ,49 M. Scham ,49,z,w S. Schnake ,49,w P. Schütze ,49

C. Schwanenberger ,49,v D. Selivanova ,49 K. Sharko ,49 M. Shchedrolosiev ,49 D. Stafford ,49 M. Torkian,49

F. Vazzoler ,49 A. Ventura Barroso ,49 R. Walsh ,49 D. Wang ,49 Q. Wang ,49 K. Wichmann,49 L. Wiens ,49,w

C. Wissing ,49 Y. Yang ,49 S. Zakharov,49 A. Zimermmane Castro Santos ,49 A. R. Alves Andrade ,50 M. Antonello ,50

S. Bollweg,50 M. Bonanomi ,50 K. El Morabit ,50 Y. Fischer ,50 M. Frahm,50 E. Garutti ,50 A. Grohsjean ,50

A. A. Guvenli ,50 J. Haller ,50 D. Hundhausen,50 G. Kasieczka ,50 P. Keicher ,50 R. Klanner ,50 W. Korcari ,50

T. Kramer ,50 C. c. Kuo,50 F. Labe ,50 J. Lange ,50 A. Lobanov ,50 L. Moureaux ,50 A. Nigamova ,50

K. Nikolopoulos ,50 Y. Nissan,50 A. Paasch ,50 K. J. Pena Rodriguez ,50 N. Prouvost,50 T. Quadfasel ,50 B. Raciti ,50

M. Rieger ,50 D. Savoiu ,50 P. Schleper ,50 M. Schröder ,50 J. Schwandt ,50 M. Sommerhalder ,50 H. Stadie ,50

G. Steinbrück ,50 R. Ward ,50 B. Wiederspan,50 M.Wolf ,50 S. Brommer ,51 E. Butz ,51 Y. M. Chen ,51 T. Chwalek ,51

A. Dierlamm ,51 G. G. Dincer ,51 U. Elicabuk,51 N. Faltermann ,51 M. Giffels ,51 A. Gottmann ,51 F. Hartmann ,51,aa

M. Horzela ,51 F. Hummer ,51 U. Husemann ,51 J. Kieseler ,51 M. Klute ,51 R. Kunnilan Muhammed Rafeek,51

O. Lavoryk ,51 J. M. Lawhorn ,51 A. Lintuluoto ,51 S. Maier ,51 M. Mormile ,51 Th. Müller ,51 E. Pfeffer ,51

M. Presilla ,51 G. Quast ,51 K. Rabbertz ,51 B. Regnery ,51 R. Schmieder,51 N. Shadskiy ,51 I. Shvetsov ,51

H. J. Simonis ,51 L. Sowa ,51 L. Stockmeier,51 K. Tauqeer,51 M. Toms ,51 B. Topko ,51 N. Trevisani ,51 C. Verstege ,51

T. Voigtländer ,51 R. F. Von Cube ,51 J. Von Den Driesch,51 M. Wassmer ,51 R. Wolf ,51 W. D. Zeuner ,51 X. Zuo ,51

G. Anagnostou ,52 G. Daskalakis ,52 A. Kyriakis ,52 G. Melachroinos,53 Z. Painesis ,53 I. Paraskevas ,53

N. Saoulidou ,53 K. Theofilatos ,53 E. Tziaferi ,53 E. Tzovara ,53 K. Vellidis ,53 I. Zisopoulos ,53 T. Chatzistavrou ,54

G. Karapostoli ,54 K. Kousouris ,54 E. Siamarkou,54 G. Tsipolitis ,54 I. Bestintzanos,55 I. Evangelou ,55 C. Foudas,55

P. Katsoulis,55 P. Kokkas ,55 P. G. Kosmoglou Kioseoglou ,55 N. Manthos ,55 I. Papadopoulos ,55 J. Strologas ,55

D. Druzhkin ,56 C. Hajdu ,56 D. Horvath ,56,bb,cc K. Márton,56 A. J. Rádl ,56,dd F. Sikler ,56 V. Veszpremi ,56

A. HAYRAPETYAN et al. PHYS. REV. D 113, 092009 (2026)

092009-14

https://orcid.org/0000-0001-5968-2710
https://orcid.org/0000-0003-0510-3810
https://orcid.org/0000-0002-6764-0016
https://orcid.org/0000-0002-6798-2454
https://orcid.org/0009-0009-7712-9121
https://orcid.org/0000-0003-0386-8633
https://orcid.org/0000-0001-7369-2536
https://orcid.org/0000-0003-2340-4641
https://orcid.org/0000-0002-1133-5485
https://orcid.org/0000-0003-3278-3671
https://orcid.org/0000-0003-2040-4099
https://orcid.org/0009-0008-2784-615X
https://orcid.org/0000-0002-9610-3703
https://orcid.org/0000-0002-9860-101X
https://orcid.org/0000-0003-3090-9744
https://orcid.org/0000-0002-3932-5967
https://orcid.org/0000-0002-3872-3592
https://orcid.org/0000-0003-0312-057X
https://orcid.org/0009-0008-7976-851X
https://orcid.org/0000-0002-5388-5565
https://orcid.org/0009-0001-0547-7516
https://orcid.org/0000-0002-9860-9185
https://orcid.org/0009-0000-0565-0465
https://orcid.org/0000-0002-9481-5168
https://orcid.org/0000-0002-9813-372X
https://orcid.org/0000-0002-1119-6614
https://orcid.org/0000-0001-6768-1056
https://orcid.org/0009-0005-3504-7719
https://orcid.org/0000-0002-1194-8556
https://orcid.org/0000-0001-5490-605X
https://orcid.org/0000-0001-6027-4511
https://orcid.org/0000-0002-4087-8155
https://orcid.org/0000-0002-1097-7304
https://orcid.org/0009-0001-6335-6800
https://orcid.org/0000-0001-8710-992X
https://orcid.org/0000-0002-5291-1661
https://orcid.org/0009-0000-7034-0674
https://orcid.org/0000-0003-3350-5606
https://orcid.org/0000-0001-6717-0803
https://orcid.org/0000-0001-7560-5790
https://orcid.org/0000-0002-1275-7292
https://orcid.org/0000-0002-5705-5059
https://orcid.org/0009-0003-1126-2559
https://orcid.org/0000-0001-7305-7102
https://orcid.org/0009-0001-1152-2758
https://orcid.org/0000-0002-3836-1173
https://orcid.org/0000-0003-3735-2707
https://orcid.org/0000-0001-5187-3571
https://orcid.org/0000-0001-5381-4807
https://orcid.org/0000-0002-7865-5010
https://orcid.org/0000-0002-7214-0673
https://orcid.org/0000-0002-1178-1450
https://orcid.org/0000-0001-7476-0158
https://orcid.org/0000-0002-8298-7560
https://orcid.org/0000-0002-4535-5273
https://orcid.org/0000-0003-0249-3622
https://orcid.org/0000-0003-2797-7690
https://orcid.org/0000-0002-5230-8387
https://orcid.org/0000-0002-0264-1632
https://orcid.org/0000-0001-8955-1666
https://orcid.org/0009-0007-5007-6723
https://orcid.org/0000-0002-8545-0187
https://orcid.org/0000-0003-4536-3967
https://orcid.org/0000-0002-5346-2968
https://orcid.org/0000-0002-6125-1941
https://orcid.org/0000-0001-6392-7928
https://orcid.org/0000-0003-3719-8041
https://orcid.org/0000-0002-8036-9267
https://orcid.org/0000-0001-9022-1509
https://orcid.org/0009-0002-9897-8439
https://orcid.org/0000-0002-2939-5646
https://orcid.org/0000-0001-6768-7466
https://orcid.org/0000-0001-7556-2743
https://orcid.org/0000-0001-5790-1780
https://orcid.org/0000-0002-7204-1624
https://orcid.org/0000-0002-5524-880X
https://orcid.org/0000-0002-2743-156X
https://orcid.org/0000-0002-1976-5877
https://orcid.org/0000-0002-8679-3878
https://orcid.org/0000-0001-6185-2045
https://orcid.org/0009-0007-4658-1399
https://orcid.org/0000-0003-0881-612X
https://orcid.org/0000-0002-9253-8611
https://orcid.org/0000-0002-7860-3958
https://orcid.org/0000-0001-7535-4186
https://orcid.org/0009-0002-3901-2765
https://orcid.org/0000-0001-5377-3558
https://orcid.org/0000-0003-1661-9513
https://orcid.org/0000-0002-1383-1837
https://orcid.org/0000-0001-9813-8646
https://orcid.org/0000-0002-1546-7880
https://orcid.org/0000-0002-6839-0063
https://orcid.org/0000-0002-2722-7526
https://orcid.org/0000-0001-6594-3569
https://orcid.org/0000-0002-8117-5376
https://orcid.org/0000-0003-3416-0726
https://orcid.org/0000-0002-4745-5470
https://orcid.org/0000-0002-5892-1377
https://orcid.org/0009-0004-8867-0881
https://orcid.org/0000-0002-5115-8487
https://orcid.org/0000-0001-9494-4317
https://orcid.org/0000-0001-5844-8156
https://orcid.org/0000-0002-9288-8144
https://orcid.org/0000-0002-8073-2740
https://orcid.org/0000-0002-1653-1303
https://orcid.org/0000-0002-3900-3482
https://orcid.org/0000-0002-9736-266X
https://orcid.org/0000-0002-2008-8148
https://orcid.org/0000-0002-2388-5548
https://orcid.org/0000-0002-2511-1490
https://orcid.org/0000-0001-5484-2447
https://orcid.org/0000-0002-4430-1695
https://orcid.org/0000-0003-2479-8419
https://orcid.org/0000-0003-2081-7141
https://orcid.org/0000-0001-9598-6623
https://orcid.org/0000-0003-3478-9081
https://orcid.org/0000-0001-9794-8292
https://orcid.org/0000-0003-4409-702X
https://orcid.org/0000-0002-9892-4601
https://orcid.org/0000-0001-9430-5419
https://orcid.org/0000-0003-2711-8984
https://orcid.org/0000-0002-5295-1460
https://orcid.org/0000-0002-5215-3258
https://orcid.org/0000-0003-3611-474X
https://orcid.org/0000-0001-9806-0244
https://orcid.org/0000-0003-3681-9272
https://orcid.org/0000-0002-4482-1789
https://orcid.org/0000-0002-2702-8201
https://orcid.org/0000-0002-3522-5926
https://orcid.org/0000-0001-6445-6160
https://orcid.org/0000-0002-8369-7506
https://orcid.org/0000-0002-1320-1712
https://orcid.org/0009-0005-6482-7466
https://orcid.org/0000-0003-1533-0945
https://orcid.org/0000-0001-6030-3191
https://orcid.org/0000-0003-1299-1879
https://orcid.org/0009-0002-5926-9664
https://orcid.org/0000-0001-9572-6645
https://orcid.org/0009-0008-4191-6716
https://orcid.org/0009-0002-9905-0667
https://orcid.org/0000-0001-5387-712X
https://orcid.org/0000-0002-4238-0991
https://orcid.org/0000-0002-2802-8203
https://orcid.org/0000-0002-7366-7098
https://orcid.org/0000-0003-1111-249X
https://orcid.org/0000-0003-4439-5748
https://orcid.org/0000-0003-2660-0349
https://orcid.org/0000-0002-2068-1881
https://orcid.org/0000-0002-7366-6562
https://orcid.org/0000-0001-7200-5175
https://orcid.org/0000-0003-0355-102X
https://orcid.org/0000-0003-3240-7393
https://orcid.org/0000-0002-3974-589X
https://orcid.org/0000-0002-2633-4696
https://orcid.org/0000-0002-1029-0318
https://orcid.org/0000-0002-0429-2448
https://orcid.org/0000-0002-9017-9504
https://orcid.org/0000-0002-5336-4399
https://orcid.org/0000-0002-7669-4294
https://orcid.org/0000-0003-1610-8844
https://orcid.org/0009-0009-8755-3698
https://orcid.org/0000-0002-2269-3632
https://orcid.org/0000-0002-8427-3748
https://orcid.org/0000-0002-8705-0857
https://orcid.org/0009-0006-5538-0233
https://orcid.org/0000-0003-2375-1563
https://orcid.org/0000-0001-7707-919X
https://orcid.org/0000-0002-6506-5177
https://orcid.org/0000-0001-8532-2356
https://orcid.org/0000-0002-2047-951X
https://orcid.org/0000-0003-1987-1554
https://orcid.org/0000-0002-8331-8166
https://orcid.org/0000-0002-2351-9265
https://orcid.org/0000-0002-9514-0799
https://orcid.org/0000-0002-7876-3134
https://orcid.org/0000-0002-4683-6669
https://orcid.org/0000-0001-7472-5029
https://orcid.org/0000-0003-2167-498X
https://orcid.org/0000-0001-6409-7794
https://orcid.org/0000-0003-3192-1622
https://orcid.org/0000-0001-9494-2151
https://orcid.org/0000-0003-3409-6584
https://orcid.org/0000-0003-4802-6990
https://orcid.org/0000-0001-6699-6662
https://orcid.org/0000-0002-7031-9434
https://orcid.org/0000-0002-7614-5236
https://orcid.org/0000-0003-3510-2093
https://orcid.org/0009-0002-9187-7061
https://orcid.org/0000-0001-8111-9318
https://orcid.org/0000-0003-3233-6636
https://orcid.org/0000-0002-3872-4114
https://orcid.org/0000-0002-0050-612X
https://orcid.org/0000-0003-1014-8677
https://orcid.org/0000-0002-4423-4461
https://orcid.org/0000-0002-5090-8004
https://orcid.org/0009-0009-3430-0558
https://orcid.org/0000-0001-9302-3102
https://orcid.org/0009-0009-2676-7473
https://orcid.org/0000-0001-9094-482X
https://orcid.org/0000-0003-3629-6264
https://orcid.org/0000-0001-5886-220X
https://orcid.org/0000-0002-3184-1457
https://orcid.org/0000-0003-0634-5539
https://orcid.org/0000-0003-0748-8494
https://orcid.org/0000-0001-5251-9056
https://orcid.org/0000-0001-9347-7657
https://orcid.org/0000-0003-3457-2755
https://orcid.org/0000-0002-2001-2426
https://orcid.org/0000-0002-7004-9227
https://orcid.org/0000-0001-8017-5502
https://orcid.org/0000-0002-7004-0214
https://orcid.org/0000-0002-1870-9443
https://orcid.org/0000-0001-7513-6330
https://orcid.org/0000-0002-5376-0877
https://orcid.org/0000-0002-2310-9266
https://orcid.org/0000-0002-8522-8500
https://orcid.org/0000-0002-3048-489X
https://orcid.org/0000-0002-2208-5178
https://orcid.org/0000-0002-2877-9744
https://orcid.org/0000-0003-2360-351X
https://orcid.org/0009-0005-5995-6685
https://orcid.org/0000-0003-0797-2606
https://orcid.org/0000-0001-6794-7475
https://orcid.org/0000-0001-5628-6827
https://orcid.org/0000-0001-8058-9828
https://orcid.org/0000-0002-0052-597X
https://orcid.org/0000-0001-5746-7371
https://orcid.org/0000-0002-0513-8119
https://orcid.org/0000-0002-8355-2761
https://orcid.org/0000-0001-5530-9919
https://orcid.org/0000-0003-3002-2430
https://orcid.org/0000-0001-8988-2035
https://orcid.org/0000-0002-2403-5801
https://orcid.org/0000-0002-5795-4783
https://orcid.org/0000-0002-8009-3723
https://orcid.org/0000-0001-7804-9902
https://orcid.org/0009-0001-1997-2841
https://orcid.org/0000-0001-6506-3107
https://orcid.org/0000-0003-0193-3032
https://orcid.org/0000-0001-6696-349X
https://orcid.org/0000-0001-8989-8387
https://orcid.org/0000-0002-3190-7962
https://orcid.org/0009-0004-6683-921X
https://orcid.org/0000-0002-6198-8388
https://orcid.org/0000-0003-1644-7678
https://orcid.org/0000-0002-0869-5631
https://orcid.org/0000-0001-5071-9783
https://orcid.org/0000-0002-8597-9259
https://orcid.org/0000-0002-0726-1452
https://orcid.org/0000-0001-9828-9778
https://orcid.org/0000-0003-0456-7250
https://orcid.org/0000-0003-4337-0098
https://orcid.org/0009-0009-1748-974X
https://orcid.org/0000-0003-2808-7315
https://orcid.org/0000-0002-4021-4260
https://orcid.org/0000-0001-7040-9846
https://orcid.org/0000-0003-1539-923X
https://orcid.org/0000-0001-9894-2095
https://orcid.org/0000-0002-7069-9019
https://orcid.org/0000-0002-7467-2980
https://orcid.org/0009-0003-8208-5561
https://orcid.org/0000-0002-7703-3973
https://orcid.org/0000-0002-0965-2748
https://orcid.org/0000-0002-5223-9342
https://orcid.org/0000-0002-2816-7713
https://orcid.org/0000-0003-2774-204X
https://orcid.org/0000-0002-6237-5209
https://orcid.org/0000-0002-0408-2811
https://orcid.org/0000-0001-9456-383X
https://orcid.org/0009-0004-8806-0047
https://orcid.org/0000-0002-0029-493X
https://orcid.org/0009-0001-3815-043X
https://orcid.org/0000-0001-6070-7698
https://orcid.org/0000-0002-1931-6027
https://orcid.org/0000-0001-5061-7031
https://orcid.org/0000-0002-2375-5401
https://orcid.org/0000-0001-6958-4196
https://orcid.org/0000-0001-8448-883X
https://orcid.org/0000-0003-4958-0408
https://orcid.org/0000-0002-0410-0055
https://orcid.org/0000-0001-5680-8357
https://orcid.org/0000-0001-5212-4353
https://orcid.org/0000-0003-3458-2099
https://orcid.org/0000-0002-4280-2541
https://orcid.org/0000-0002-6360-0869
https://orcid.org/0000-0002-0805-0809
https://orcid.org/0000-0002-5903-5481
https://orcid.org/0009-0009-3752-6253
https://orcid.org/0000-0002-7440-4396
https://orcid.org/0000-0003-3247-8909
https://orcid.org/0000-0002-9937-3063
https://orcid.org/0000-0002-2225-7160
https://orcid.org/0000-0001-7520-3329
https://orcid.org/0000-0002-7193-800X
https://orcid.org/0000-0003-0091-477X
https://orcid.org/0000-0001-8810-0388
https://orcid.org/0000-0001-9608-3901
https://orcid.org/0000-0001-9783-0315


M. Csanád ,57 K. Farkas ,57 A. Fehérkuti ,57,ee M.M. A. Gadallah ,57,ff Á. Kadlecsik ,57 M. León Coello ,57

G. Pásztor ,57 G. I. Veres ,57 B. Ujvari ,58 G. Zilizi ,58 G. Bencze,59 S. Czellar,59 J. Molnar,59 Z. Szillasi,59

T. Csorgo ,60,ee F. Nemes ,60,ee T. Novak ,60 I. Szanyi ,60,gg S. Bansal ,61 S. B. Beri,61 V. Bhatnagar ,61

G. Chaudhary ,61 S. Chauhan ,61 N. Dhingra ,61,hh A. Kaur ,61 A. Kaur ,61 H. Kaur ,61 M. Kaur ,61 S. Kumar ,61

T. Sheokand,61 J. B. Singh ,61 A. Singla ,61 A. Bhardwaj ,62 A. Chhetri ,62 B. C. Choudhary ,62 A. Kumar ,62

A. Kumar ,62 M. Naimuddin ,62 S. Phor ,62 K. Ranjan ,62 M. K. Saini,62 S. Acharya ,63,ii B. Gomber ,63 B. Sahu ,63,ii

S. Mukherjee ,64 S. Baradia ,65 S. Bhattacharya ,65 S. Das Gupta,65 S. Dutta ,65 S. Dutta,65 S. Sarkar,65

M.M. Ameen ,66 P. K. Behera ,66 S. Chatterjee ,66 G. Dash ,66 A. Dattamunsi,66 P. Jana ,66 P. Kalbhor ,66

S. Kamble ,66 J. R. Komaragiri ,66,jj T. Mishra ,66 P. R. Pujahari ,66 A. K. Sikdar ,66 R. K. Singh ,66 P. Verma ,66

S. Verma ,66 A. Vijay ,66 B. K. Sirasva,67 L. Bhatt,68 S. Dugad ,68 G. B. Mohanty ,68 M. Shelake ,68 P. Suryadevara,68

A. Bala ,69 S. Banerjee ,69 S. Barman ,69,kk R. M. Chatterjee,69 M. Guchait ,69 Sh. Jain ,69 A. Jaiswal,69 B. M. Joshi ,69

S. Kumar ,69 M. Maity,69,kk G. Majumder ,69 K. Mazumdar ,69 S. Parolia ,69 R. Saxena ,69 A. Thachayath ,69

S. Bahinipati ,70,ll D. Maity ,70,mm P. Mal ,70 K. Naskar ,70,mm A. Nayak ,70,mm S. Nayak,70 K. Pal ,70 R. Raturi,70

P. Sadangi,70 S. K. Swain ,70 S. Varghese ,70,mm D. Vats ,70,mm A. Alpana ,71 S. Dube ,71 P. Hazarika ,71 B. Kansal ,71

A. Laha ,71 R. Sharma ,71 S. Sharma ,71 K. Y. Vaish ,71 S. Ghosh ,72 H. Bakhshiansohi ,73,nn A. Jafari ,73,oo

V. Sedighzadeh Dalavi ,73 M. Zeinali ,73,pp S. Bashiri ,74 S. Chenarani ,74,qq S. M. Etesami ,74 Y. Hosseini ,74

M. Khakzad ,74 E. Khazaie ,74 M. Mohammadi Najafabadi ,74 S. Tizchang ,74,rr M. Felcini ,75 M. Grunewald ,75

M. Abbrescia ,76a,76b M. Barbieri,76a,76b M. Buonsante ,76a,76b A. Colaleo ,76a,76b D. Creanza ,76a,76c

N. De Filippis ,76a,76c M. De Palma ,76a,76b W. Elmetenawee ,76a,76b,ss N. Ferrara ,76a,76c L. Fiore ,76a L. Longo ,76a

M. Louka ,76a,76b G. Maggi ,76a,76c M. Maggi ,76a I. Margjeka ,76a V. Mastrapasqua ,76a,76b S. My ,76a,76b

F. Nenna ,76a,76b S. Nuzzo ,76a,76b A. Pellecchia ,76a,76b A. Pompili ,76a,76b G. Pugliese ,76a,76c R. Radogna ,76a,76b

D. Ramos ,76a A. Ranieri ,76a L. Silvestris ,76a F. M. Simone ,76a,76c Ü. Sözbilir,76a A. Stamerra ,76a,76b

D. Troiano ,76a,76b R. Venditti ,76a,76b P. Verwilligen ,76a A. Zaza ,76a,76b G. Abbiendi ,77a C. Battilana ,77a,77b

D. Bonacorsi ,77a,77b P. Capiluppi ,77a,77b F. R. Cavallo ,77a M. Cuffiani ,77a,77b G. M. Dallavalle ,77a T. Diotalevi ,77a,77b

F. Fabbri ,77a A. Fanfani ,77a,77b D. Fasanella ,77a C. Grandi ,77a L. Guiducci ,77a,77b S. Lo Meo ,77a,tt

M. Lorusso ,77a,77b L. Lunerti ,77a S. Marcellini ,77a G. Masetti ,77a F. L. Navarria ,77a,77b G. Paggi ,77a,77b

A. Perrotta ,77a F. Primavera ,77a,77b A. M. Rossi ,77a,77b S. Rossi Tisbeni ,77a,77b T. Rovelli ,77a,77b G. P. Siroli ,77a,77b

S. Costa ,78a,78b,uu A. Di Mattia ,78a A. Lapertosa ,78a R. Potenza,78a,78b A. Tricomi ,78a,78b,uu J. Altork ,79a,79b

P. Assiouras ,79a G. Barbagli ,79a G. Bardelli ,79a M. Bartolini ,79a,79b A. Calandri ,79a,79b B. Camaiani ,79a,79b

A. Cassese ,79a R. Ceccarelli ,79a V. Ciulli ,79a,79b C. Civinini ,79a R. D’Alessandro ,79a,79b L. Damenti,79a,79b

E. Focardi ,79a,79b T. Kello ,79a G. Latino ,79a,79b P. Lenzi ,79a,79b M. Lizzo ,79a M. Meschini ,79a S. Paoletti ,79a

A. Papanastassiou,79a,79b G. Sguazzoni ,79a L. Viliani ,79a L. Benussi ,80 S. Bianco ,80 S. Meola ,80,vv D. Piccolo ,80

M. Alves Gallo Pereira ,81a F. Ferro ,81a E. Robutti ,81a S. Tosi ,81a,81b A. Benaglia ,82a F. Brivio ,82a

V. Camagni ,82a,82b F. Cetorelli ,82a,82b F. De Guio ,82a,82b M. E. Dinardo ,82a,82b P. Dini ,82a S. Gennai ,82a

R. Gerosa ,82a,82b A. Ghezzi ,82a,82b P. Govoni ,82a,82b L. Guzzi ,82a M. R. Kim ,82a G. Lavizzari,82a,82b

M. T. Lucchini ,82a,82b M. Malberti ,82a S. Malvezzi ,82a A. Massironi ,82a D. Menasce ,82a L. Moroni ,82a

M. Paganoni ,82a,82b S. Palluotto ,82a,82b D. Pedrini ,82a A. Perego ,82a,82b G. Pizzati ,82a,82b S. Ragazzi ,82a,82b

T. Tabarelli de Fatis ,82a,82b S. Buontempo ,83a C. Di Fraia ,83a,83b F. Fabozzi ,83a,83c L. Favilla ,83a,83d

A. O. M. Iorio ,83a,83b L. Lista ,83a,83b,ww P. Paolucci ,83a,aa B. Rossi ,83a P. Azzi ,84a N. Bacchetta ,84a,xx

D. Bisello ,84a,84b P. Bortignon ,84a,84c G. Bortolato ,84a,84b A. C. M. Bulla ,84a,84c P. Checchia ,84a T. Dorigo ,84a,yy

F. Gasparini ,84a,84b U. Gasparini ,84a,84b S. Giorgetti ,84a M. Gulmini ,84a,zz E. Lusiani ,84a M. Margoni ,84a,84b

A. T. Meneguzzo ,84a,84b J. Pazzini ,84a,84b P. Ronchese ,84a,84b R. Rossin ,84a,84b F. Simonetto ,84a,84b M. Tosi ,84a,84b

A. Triossi ,84a,84b S. Ventura ,84a M. Zanetti ,84a,84b P. Zotto ,84a,84b A. Zucchetta ,84a,84b A. Braghieri ,85a

S. Calzaferri ,85a P. Montagna ,85a,85b M. Pelliccioni ,85a V. Re ,85a C. Riccardi ,85a,85b P. Salvini ,85a I. Vai ,85a,85b

P. Vitulo ,85a,85b S. Ajmal ,86a,86b M. E. Ascioti,86a,86b G. M. Bilei ,86a C. Carrivale,86a,86b D. Ciangottini ,86a,86b

L. Della Penna,86a,86b L. Fanò ,86a,86b V. Mariani ,86a,86b M. Menichelli ,86a F. Moscatelli ,86a,aaa A. Rossi ,86a,86b

A. Santocchia ,86a,86b D. Spiga ,86a T. Tedeschi ,86a,86b C. Aimè ,87a,87b C. A. Alexe ,87a,87c P. Asenov ,87a,87b
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40IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

41Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique,
Institut Polytechnique de Paris, Palaiseau, France
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83bUniversità di Napoli “Federico II,” Napoli, Italy
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87dUniversità di Siena, Siena, Italy

88aINFN Sezione di Roma, Roma, Italy
88bSapienza Università di Roma, Roma, Italy
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89bUniversità di Torino, Torino, Italy
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vvAlso at Università degli Studi Guglielmo Marconi, Roma, Italy.
wwAlso at Scuola Superiore Meridionale, Università di Napoli “Federico II,” Napoli, Italy.
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