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A search for supersymmetric electroweakinos is performed using events with a low-momentum (soft)
isolated track and large missing transverse momentum, targeting nearly mass-degenerate higgsinolike
charginos and neutralinos. For mass splittings of 0.3—1 GeV, the chargino decays to the lightest neutralino
and a low-momentum pion, which can produce a soft, potentially displaced track. A parametrized neural
network separates signal from background using kinematic and impact parameter information. The analysis
uses 138 fb~! of proton-proton collision data at a center-of-mass energy of 13 TeV recorded with the CMS
detector. No significant excess above the standard model expectation is observed. At 95% confidence level,
the considered higgsino model is excluded for mass splittings in the range 0.28—1.15 GeV and for chargino
masses up to 185 GeV, setting stringent constraints on natural supersymmetry scenarios.
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Weak-scale R-parity conserving supersymmetry (SUSY)
[1-9] is a well-motivated framework for physics beyond the
standard model (SM). It provides a candidate for dark
matter [10,11], resolves the large hierarchy problem [12],
and enables the unification of gauge couplings. Models
with 100 GeV-scale superpartners of the Higgs boson,
known as higgsinos, are considered natural [13] because
they reduce the need for fine-tuning among SUSY
parameters.

Minimal SUSY models contain two Higgs doublets, the
ratio of whose vacuum expectation values is given by tan /3.
Electroweakino mass eigenstates consist of four neutralinos

79, i = 1-4) and four charginos (;?ji j =1,2). These arise
from the mixing of the fermionic superpartners of the
Higgs and electroweak gauge fields: the higgsinos, bino
(superpartner of the B field), and winos (superpartners of
the W fields), each associated with the mass parameters y,
M,, and M,, which govern the electroweakino properties
and mass spectrum. In the regime u << M, M,, the lightest
mass eigenstate 7V is a dominantly higgsinolike and stable
neutralino, making it a viable dark matter candidate. It is
accompanied by a nearly mass-degenerate second neutra-
lino )”((2) and the lightest chargino 77". The mass splittings
Am* =m(7E) —m(7?) and Am® = m(7)) — m(7?) arise
from electroweak radiative corrections and small mixing of
the higgsinos with the wino and bino states, and typically
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range from 0.25 to 10 GeV [14]. The dominant produc-
tion processes and decays are illustrated in Fig. 1. For
Am® > 1 GeV, low-momentum (soft) leptons from electro-
weakino decays can be observed [15,16]. For Am*<
0.3 GeV, the chargino lifetime is sufficiently long to yield
a disappearing track signature [17-19]. The intermediate
range, 0.3—1 GeV, is particularly difficult to probe, as the
chargino decays primarily to a single soft pion with a
displacement of up to about 1 cm from the primary vertex
(PV) [20].

The analysis presented in this Letter is based on 138 fb™!
of proton-proton collision data collected with the CMS
detector at the CERN LHC during 2016-2018, targeting
signal scenarios with 0.3 < Am* < 1 GeV. Sensitivity in
this regime is achieved by exploiting the transverse
momentum pr and displacement of the pion track rela-
tive to the PV, as well as each event’s missing transverse
momentum vector i and magnitude p''ss. The consid-
ered signal model corresponds to the large tanf regime
[14], in which the neutralino mass splitting satisfies
Am® = 2Am™. In the scenario following Ref. [21], smaller
Am* values yield longer 77 lifetimes and more pro-
nounced displacement. Events are selected with piiss
exceeding 120 GeV at the trigger level and 300 GeV
offline, along with at least one isolated track and no isolated
electrons, muons, or photons. Rare decays of the 79 to soft
electrons or muons are allowed, but the leptons have
sufficiently small pt to not invoke the lepton-based event
vetoes. A parametrized neural network (NN) is trained to
distinguish signal tracks from the dominant background.
The background mainly consists of events with significant
phiss due to the presence of neutrinos, where soft tracks
from sources unrelated to the hard process mimic the signal

© 2026 CERN, for the CMS Collaboration
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Representative diagrams for the production of signal events. The signature considered in the analysis also involves one or more

jets from initial state radiation with significant pr in the final state, which are not shown in the figure. All processes are included in the

interpretation of the search.

signature. A cut-based search targeting a similar phase
space was previously reported by ATLAS [22], and
recently a study with increased sensitivity based on an
NN has been presented [23].

The CMS apparatus [24,25] is a nearly hermetic detector,
designed to trigger [26-28] on and identify electrons,
muons, photons, and hadrons [29-31]. The particle-flow
(PF) algorithm [32] aims to reconstruct all detectable
particles in an event, combining information provided by
the silicon inner tracker and by the crystal electromagnetic
and brass-scintillator hadron calorimeters, operating inside
a 3.8 T superconducting solenoid, with data from the gas-
ionization muon detectors embedded in the flux-return
yoke outside the solenoid. The reconstructed particles are
used to build 7 leptons, jets, and the vector ﬁ%’iss [33-35].
Jets are clustered using the anti-kt algorithm [36,37] with a
distance parameter of 0.4.

Monte Carlo (MC) samples of SM background proc-
esses, including top quark pair production, W + jets, and
Z + jets, are simulated at leading order (LO) in perturbative
quantum chromodynamics using MadGraph5_aMC@NLO 2.2.2
[38,39], with up to four additional partons in the matrix
element. The PYTHIA 8.240 [40] generator is used for parton
showering, fragmentation, and hadronization, with match-
ing between jets from the matrix element and those from
the parton shower. The CUETP8MI1 [41] (CP5 [42])
underlying event tunes are used for background samples,
along with NNPDF3.0 LO [43] (NNPDF3.1 next-to-next-
to-leading-order [44]) parton distribution functions for the
2016 (2017-2018) data-taking periods. Additional inter-
actions in the same or adjacent bunch crossings (pileup) are
generated with PYTHIA and added to the hard-scatter event
in all simulated samples, with the multiplicity distribution
matching that observed in data. Signal events are simulated
at LO using PYTHIA 8.240 and normalized to next-to-LO
plus next-to-leading-logarithmic (NLO + NLL) precision.

Decays of the 79 to electrons or muons are set with a
branching fraction of 5% for each lepton flavor as a
benchmark choice. The analysis sensitivity is only weakly
affected by this assumption because no particle identifica-
tion requirement is applied to the selected isolated track.
For background events, the CMS detector response is
modeled with the Geant4 [45]-based application FullSim; to

save computing resources, signal events are emulated with
the CMS fast simulation engine FastSim [46,47].

Signal candidate tracks are reconstructed using the
algorithm described in Ref. [31] and selected with pt <
20 GeV and pseudorapidity |n| < 2.4. No requirement is
imposed that the track be compatible with the PV, and no
additional lower-py threshold is applied at the analysis
level. The reconstruction retains an efficiency of about 10%
for pt as low as 100 MeV, increasing to 80% by 500 MeV
and plateauing around 90% by 1 GeV [31,48]. Criteria are
applied to the track fit quality and the number of associated
hits to ensure high purity of charged-particle reconstruction.
Tracks must lie outside the reconstruction cone of all jets.
No dedicated pion identification is used. The separation of
signal-like charged-particle tracks from PV-associated,
pileup, and spurious tracks is performed by the classifier
described below.

Jets are required to have pp > 30 GeV and [y| < 5.0,
while hadronic z-lepton candidates are identified from an
alternate set of jets with pr > 20 GeV and || < 2.3, using
track, vertex, and calorimetric information and satisfying
the tight working point (WP) of the DeepTau algorithm [49].
Electrons (photons) are selected with || < 2.5 and py >
10 (15) GeV based on the medium WP [29]. Muons are
selected with pr > 10 GeV and || < 2.4, with the loose
identification WP [30]. Electrons, photons, and muons are
further required to satisfy a relative isolation requirement,
in which the pt sum of reconstructed particles within a
cone of radius AR = [(An)? + (A¢)*]'/? = 0.3 around the
object is less than 20% of the object’s pr. The correspond-
ing efficiencies are approximately 80% for electrons and
photons, and above 95% for muons. Jets originating from
the hadronization of b quarks are identified using the DeepJet
algorithm, with the medium WP corresponding to an
efficiency in the 70%—-80% range for b jets, depending
on jet kinematics [50,51].

The pis is computed as the negative vector p sum of all
reconstructed PF candidates. A related quantity HX™%, defined
as the magnitude of the vector pr sum of all jets with pp >
30 GeV and |5| < 5.0, is also used to render the offline
selection more consistent with the trigger requirement. Both
measures are corrected to mitigate the effects of pileup and
geometric dependencies of the jet energy response.
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Events passing filters to reject anomalous p2is* arising
from calorimeter noise, misreconstructed particles or vertices,
or beam halo interactions are selected [35]. The baseline
selection requires p'Tss > 300 GeV, H™ > 300 GeV, and
at least one jet with pp > 100 GeV, targeting signal events
with significant initial state radiation. These requirements
ensure the effective rejection of SM multijet events and a high
trigger efficiency of 99% or greater. Events must contain fewer
than five jets, no b-tagged jets, and a minimum A¢ of
0.4 radians between the vector p and each of the four
jets. Events containing photons, electrons, muons, or hadroni-
cally decaying 7 leptons are rejected.

Background events remaining after these selection cri-
teria include mainly Z — vy, and W — v in which the
lepton is out of acceptance or fails the identification criteria,
yielding large ps* from the neutrino(s). A large number of
low-pr tracks arise in each event from the underlying
event, pileup interactions, and reconstruction failures, and
are largely uncorrelated with the hard process. A rare
population of tracks arises from the decay chain W — zv.

Tracks arising from signal processes are typically iso-
lated from jets and more closely aligned in direction with
pMiss than tracks in background events. The characteristic
track pr increases with larger Am®, while the transverse
displacement, measured by the impact parameter, IP,,,
decreases, as shown by the colored open histograms in the
main panels of Fig. 2. To suppress the overwhelming rate of
background tracks, a deep parametrized NN is trained on
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approximately 4 x 10° simulated reconstructed tracks, with
training labels assigned using generator-level information.
The NN has a three-layer architecture with 256 hidden
units per layer, LeakyReLU activations [52], and preprocess-
ing layers for input normalization. There are five output
nodes corresponding to five track classes: signal tracks,
secondary tracks from hadronic 7 lepton decays in
W — v events, other secondary tracks from particles
created at the PV, prompt tracks from the PV (together with
the previous class referred to as “PV-associated”), and
spurious tracks. Spurious tracks lack generator-level
matches and include contributions from pileup and mis-
reconstructed tracks. The input features comprise 37
observables related to track kinematic properties, helix
fit quality, impact parameter (IP) significance relative to
each pileup vertex and the PV (where significance is
defined as the measurement value divided by its uncer-
tainty), and the event p*. The data-taking year is encoded
as a parameter to account for varying detector conditions.
The network is parametrized by Am™ to capture correla-
tions that evolve across the signal model phase space.
Training is performed using the categorical cross-entropy
loss. Track pt provides comparatively larger discriminating
power at large Am*, while displacement observables are
more discriminating at low Am* due to longer 7= lifetime.
Background tracks are assigned random values of Am*
drawn from the inclusive signal distribution to avoid bias.
The network is calibrated to produce per-track likelihood
estimates. A logit transformation,
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FIG.2. Distributions of example kinematic track observables for data and simulation. The filled histograms show tracks in background
events, with negligible statistical uncertainty. Simulated tracks matched to charginos from selected benchmark models, indicated by the
chargino mass labels m* and Am* in GeV, are shown as colored open histograms normalized to the total background yield. The green
line in the lower panel of the left plot indicates the ratio of the data to the background simulation before the refinement procedure is

applied.

131802-3



PHYSICAL REVIEW LETTERS 137, 131802 (2026)

P =logit(P) =1

P+e
;> (1)
is applied to the NN output score P to enhance separation in
the signal-like region for visualization and for use in the
final statistical interpretation, where € is a constant equal
to 1 x 1070,

Signal regions (SRs) are defined by evaluating the
signal-class output node of the NN for tracks in each event
at three values of input mass difference Amii;: 0.3, 0.6, and
1.0 GeV. For each event, the track and Amiﬂf1 with the
highest score, denoted P, (Signal|Am:), are identified
and the event is assigned to the corresponding Am::
category. This procedure defines three nonoverlapping
event categories, each further divided into bins of P,
as follows: (9.5-10, 10-11, 11-11.5, and > 11.5) for
Ami = 0.3 GeV, (8.75-9, 9-9.5, 9.5-10.5, and > 10.5)
for Am: =0.6 GeV, and (7-7.5, 7.5-8, 8-8.75, and
> 8.75) for Amif1 = 1.0 GeV, for a total of 12 SRs.

Expected background yields are estimated using tem-
plates for each NN-defined background track class, derived
from simulation and corrected using data. The modeling of
the dominant PV-associated and spurious-track components
is corrected and constrained with data in a cleaned Drell-
Yan control region (DY CR), which is orthogonal to the SRs
because of the requirement of two high-pr muons. The
cleaned DY CR is defined by selecting Z — utu~ events
and removing the muons from the event record. Events are
selected with two oppositely charged, isolated muons, each
with pr > 30 GeV and relative isolation < 0.2. The
dimuon invariant mass is required to be in the range
75-105 GeV and pr exceeding 200 GeV. The pr of the
selected muons are vectorially added to ﬁ%iss, and the
muons, as well as matching tracks, PF candidates, photons,
and jets, are removed from the event record. The matching
requires AR < 0.4 for jets and AR < 0.05 for all other
objects.

The overall background rates of the PV-associated and
spurious tracks in simulation are corrected using normali-
zation factors derived in inclusive regions of the longi-
tudinal IP, d,, of candidate tracks in the cleaned DY CR.
Tracks with d, < 0.001 cm with respect to the PV are used
to extract the scale factor for PV-associated tracks, while
tracks with d, > 0.63 cm define the region for spurious
tracks. The resulting normalization factors are 0.92 for
PV-associated tracks and 1.18 for spurious tracks.
Simulated background samples are also corrected to
improve agreement with the ps distribution observed
in data. A weight is applied to simulated events, calculated
by a linear fit to the data-to-simulation ratio as a function of
P in the range 300-1000 GeV, and events with pPiss >
1000 GeV are weighted using the value of the fit
at piiss = 1000 GeV.

Inaccuracies in the simulation of I'BMX(Signal\Amif1 =
0.3,0.6,1.0 GeV), arising from mismodeling of the track

IPs and the py of soft tracks are corrected by a refinement
procedure using a multivariate regression based on the Fast
Perfekt methodology [53]. An NN is trained and applied to
morph simulated observables to better match those in data.
For training, inclusive sets of tracks passing the baseline
selection are taken from the cleaned DY CR in both data
and simulation. The regression network outputs refined
values of the observables by minimizing the maximum
mean discrepancy loss [54] between the training data and
the corrected simulation. The resulting corrections are
applied to the track pr and the uncertainties in the trans-
verse and longitudinal IP, which serve as inputs to the
classifier. The procedure improves the modeling of simu-
lated tracks, particularly for PV-associated background and
for z-lepton-based signal proxy tracks, as shown in Figs. 2
(left) and 3 (lower right). Differences between FastSim and
Fullsim in event- and track-level kinematics and displace-
ment related variables are corrected using per-SR correc-
tion factors.

The uncertainty in the scale factors for the PV-associated
and spurious backgrounds, accounting for potential mis-
modeling of the NN score shape in simulation, as well as
potential bias stemming from the maximum-score criterion,
is assessed to be 10%. The uncertainty in the simulation
shape, corrected through the refinement procedure, is
evaluated by fitting polynomials to the ratio of data to
the refined simulation in the signal-sensitive regions
P (Signal| AmiE = 0.3,0.6, 1.0 GeV) > 5 of the cleaned
DY CR and varies up to 10%, depending on the SR.
Additional uncertainties are applied to simulated events to
account for potential mismodeling of the jet energy scale,
pileup, trigger efficiency, and integrated luminosity [55-58].
An overall uncertainty of 10% is assessed for the modeling
of signal and r-lepton events, based on the agreement
between data and simulation in the z-lepton-enriched CR,
shown in Fig. 3 in the lower-right panel. Uncertainties in the
range 17%-83% in the signal yields are included to cover
potential mismodeling in the FastSim and statistical uncer-
tainties in FullSim-based signal samples used for calibrating
the FastSim.

The results are shown in Fig. 3, which displays the
observed event counts compared to the stacked background
expectations, along with superimposed yields of selected
signal benchmark models. The SRs correspond to the four
highest bins in each signal-class NN output distribution,
which are shown in aggregate in Fig. 4 (left). The results are
consistent with the SM-only expectation. The data are
interpreted using a maximum likelihood fit. The likelihood
is written

L(ps.0) = H Pois(n;|ussi(0) + bi(a))H”k<9k)v (2)

ieSR

where n; is the observed number of events in SR bin i, s;
and b; are the expected signal and background yields, y;
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The expected and observed yields as a function of the 0.3 GeV (upper left), 0.6 GeV (upper right), and 1.0 GeV (lower left) NN

signal node, where the Roman numerals indicate the SR bin. In the upper panels, uncertainties shown are statistical only, while in the
lower panels, shaded regions indicate the relative systematic uncertainty in the background yields and black vertical bars show the total
statistical uncertainty in the ratio. The lower-right plot shows the distributions in the z-lepton node of tracks after a selection of
P(Signal|Am;: = 0.3 GeV) > —2, where the green line in the lower panel shows the ratio of the data to background simulation before
the refinement procedure. The colored open histograms are as in Fig. 2, except normalized to the integrated luminosity.

is the signal strength parameter, and € denotes the vector
of nuisance parameters with index k running over the
sources of systematic uncertainty. The constraint terms
7 (6;) account for these uncertainties, with log-normal
functions used for normalization uncertainties and
Gaussian  functions used for shape uncertainties.
Correlations across bins are taken into account through
the shared dependence of s; and b; on the nuisance
parameters. The fit is performed simultaneously in the 12
SR bins. Upper limits at the 95% confidence level (CL)
are derived on the inclusive electroweakino production
cross section using a profile likelihood ratio test statistic
based on the modified frequentist CL, criterion with the
asymptotic approximation [59,60].

The expected and observed limits are shown in Fig. 4
(right) in the mass plane of the electroweakinos. The
excluded region spans Am* values of 0.28-1.15 GeV
for a 7{ mass of 100 GeV and extends to 185 GeV
for Am* = 0.55 GeV.

In summary, a search for electroweakinos in com-
pressed-spectrum scenarios has been performed using
events containing a soft, isolated track and large missing
transverse momentum. The results of the analysis are
tabulated in Ref. [64]. A parametrized neural network
was employed to optimize sensitivity across a range of
models not previously probed. No significant excess above
the standard model prediction was observed. The resulting
95% confidence level limits exclude chargino masses up to
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FIG. 4. The expected and observed data yields in the 12 SRs (left), where the uncertainties in the upper panel are statistical only, while
in the lower panel the shaded region indicates the relative systematic uncertainty in the background yields and the black vertical bars
show the total statistical uncertainty in the ratio. The colored open histograms are as in Fig. 3. The right plot shows the observed 95% CL
upper limit on the cross section, accounting for all production modes of the higgsino model. The expected (red) and observed (black)
solid contours indicate the region excluded to the left of the curves, assuming NLO + NLL cross sections [61,62]. Dashed lines show the
variation in the expected (observed) limits arising from experimental (theoretical) uncertainties. The chargino branching fractions and
the minimum Am® allowed by radiative corrections (green line) are taken from Ref. [63].

185 GeV for a mass splitting between the chargino and
lightest neutralino of 0.55 GeV, and mass splittings
between 0.28 and 1.15 GeV for a chargino mass of
100 GeV, placing stringent constraints on natural super-
symmetry scenarios.
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