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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~!,
collected by the CMS experiment at /s = 13 TeV in 2016, 2017, and 2018. The signal scenario assumes
four nearly mass degenerate Higgsino mass eigenstates: two neutralino states 79 and 7! with a small mass
difference in the range 1-10 GeV and two chargino states 7{ 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 Higgsino mass 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
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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/y.

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

7i,) and four neutralino (77,5,) 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 79 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 (p p) collision data recorded by CMS at
a center-of-mass energy of 13 TeV, targeting events featur-
ing the decay 79 — £¢j), where ¢ is a muon or electron.
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FIG. 1.
77t (right) processes.

The analysis focuses on the so-called natural subspace,
characterized by large values of the ratio between the two
vacuum expectation values, tan 3, and featuring a spectrum
where the mass difference Am® = m(79) — m(7?) is twice
the value of that between the chargino and the LSP,
Am* = m(7f) — m(7)) = Am°/2. Two processes domi-
nate the total signal production cross section and are
illustrated in Fig. 1. In both cases, the decay of the )?8
usually proceeds via a virtual Z boson, which subsequently
decays to a pair of low-momentum (soft) muons or
electrons. A branching fraction B(7) — uui?) = B(79 —
ee;?(l)) of 5% is assumed, an approximate upper bound in the
MSSM. In the production mode featuring a chargino 77, the
7+ 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 (p?iss) 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 Am* of 7.5 GeV, using final states with two
reconstructed, isolated leptons [31-33]. However, the sen-
sitivity decreases for smaller values of Am™ 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
AR(?),¢,) > 0.3 [33]. For Am* 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
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Diagrams illustrating the production and decay of electroweakinos in the Higgsino simplified model via the 757 (left) and

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 + exclusive track: one reconstructed muon

and an isolated exclusive track; and
(ii1) electron + 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 pr < 3 GeV or
AR(¢¢) < 0.3, as well as the lepton + 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. IIl. 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
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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 [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
|n| < 2.5. An upgraded pixel detector, known as the “phase
17 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 || < 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 || < 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-p muons in the high-|z|
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-pr 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 # and a

calibrated absolute response in transverse momentum pr.
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 of W + jets — v + jets, Z + jets —
v+ jets, QCD, and ¢f events is simulated using the
MadGraph5_aMC@NLO02.2.2 [57,58] event generator at leading
order (LO) precision. The ¢f events are generated with up to
three additional partons in the matrix element calculations.
The W + jets — v + jets and Z + jets — v + 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 that WW 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 8205 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 CUETP8MI1 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 p%‘isg to exceed a threshold
between 100 and 120 GeV, depending on the instantaneous
luminosity of the LHC.

Muons are selected with pp between 2 and 15 GeV and
[n| < 2.4. Electrons are selected with pr between 5 and
15 GeV and 5| < 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 AR > 0.4 from the leading jet and to
satisfy the jet-based isolation requirement described below.

Jets are selected with pr > 15 GeV and || < 5.0. Two
definitions of missing transverse momentum are used: the
standard p™i* and an alternative referred to as hard piiss,
For the hard p'T'ss the transverse momentum vector sum is
performed over all objects with pr > 30 GeV instead of
over all reconstructed particles in the event. Unlike the
standard piss, the hard p™i* 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 pp < 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 the AR between the
lepton and that jet. If the lepton does not lie within a AR of
0.6 of a corrected jet with pp > 10 GeV, it is considered
isolated.

Tracks are required to have py > 1.9 GeV and || < 2.4.
The relative isolation is defined as the ratio of the scalar
sum of pr 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 |d,,| <0.02 cm and |d,| <0.02 cm, with
respect to the PV, which is the reconstructed vertex with
the largest value of summed physics-object p7. No selected
muon or electron may lie within AR 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
pr > 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

m(7;) is considered, spanning 100-500 GeV. The training
is restricted to models with mass splittings Am" in the range
0.3—4.6 GeV, prepared in Am° steps of 100 MeV. Tracks
are labeled as signal if they originate from leptons in the
73 = 7)¢7¢~ 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 piss because the soft jets used to define it fall below
the py threshold used in the computation of hard pmiss.
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 p?i“ > 220 GeV and p%ﬁ“ > 140 GeV, to
select events efficiently with respect to both signal
acceptance and trigger thresholds;

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

(iii) Npjes = 0, namely zero reconstructed b jets, to
suppress tf background;

(iv) min A¢(hardp2iss, pr) > 0.4 for all jets to reduce
events with mismeasured jets contributing to
hard piss;

(v) Nbad =0, to veto isolated leptons with pp >
30 GeV, suppressing backgrounds from W — Zv
decays; and

(vi) 0.4 <my, <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) N, =2, oppositely charged;

(ii) pr(ua) < 3.5 GeV or AR(u,u,) < 0.3, to ensure
no overlap with the search described in Ref. [33];

(iii) AR(u;,.j1) > 0.4, where j; is the leading jet;

(iv) my, outside the ranges 0.75-0.81 and 3.0-3.2 GeV,
to veto w, p°, and J/y 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
pr1, the AR and An between the two muons, the hard piiss,
and the differences in azimuthal angle between the hard
piiss 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 Am° compared to
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TABLE I. Input variables to the event-level BDT used in the
dimuon category, ranked by their importance in descending order.
The symbols #; and 7, denote the leading and subleading
leptons, while the variable my refers to the transverse mass
[74]. The minimization in min A¢ is over jets.

Rank Variable

1 Mygg

2 PT(fl)

3 hardp7**

4 Hr

5 AR(fl ) fZ)

6 min A¢(hardpPs, pr(5))
7 pT(’/ﬂ] + f2)

8 PT(/])

9 PT(KZ)

10 n(fl)

11 mT(fl)

12 |Ag(£, hard pp*™)|
13 \A(/)(flﬁhardl_’?issﬂ
14 |AG (1, 25)]
15 Njets

16 ﬂ(jl)

17 |A77(I'ﬂl’f2)|

18 "

T

background. The dimuon event BDT output distributions
are shown in Fig. 2. Six SRs are defined for events with
BDT output 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
lepton + exclusive track event-level BDT importance rank-
ings are similar, with the AR being most highly ranked.

In the lepton + 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) N, =1, where the lepton passes the analysis muon

or electron selection;

(i) maximum track BDT > 0;

(iii) event BDT > 0; and

(iv) AR(Z,j;) > 0.4.
Event-level BDT classifiers are used to select signal
candidate events in the lepton 4 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 £, 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

—
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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 muon + track category (lower),
based on the phase 1 detector configuration.

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 O 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 + jets —
v + jets and Z + jets — vv + 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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TABLE II. Transfer factors and their associated statistical

uncertainties used to extrapolate background predictions from
CRs to the SR.

- Statistical ~Relative
Method Flavor Phase TF uncertainty uncertainty
Jetty Muon O 0.73 0.14 19%
Jetty Muon 1 0.62 0.06 9%
Exclusive track Muon O 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%
T Muon O 1.18 045 38%
T Muon 1 0.29 0.26 90%

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

N?eRny (X) = TFJenyNgilC}eband (X )
norm bCRd
= Nrrrll(ilr?n (E;I;( gil(}eband (.X ) ’ ( 1 )
sideband

where x is the binned BDT output. The ratio of the yields in
the normalization regions is referred to as the transfer factor,

ﬁjetty. The corresponding values are listed in Table II.

A small contribution to the dimuon category arises from
prompt, isolated leptons originating from the Z/y* — t7¢+
process. This background is estimated using simulated
event samples corrected with normalization factors derived
in a data CR enriched in Z/y* events. The CR selects
events with two signal candidate leptons and requires the
reconstructed ditau mass m,, to lie within a window of 40—
130 GeV, consistent with the Z boson mass. The m,,
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 7 lepton from the Z/y* 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 7 lepton decays. The visible muon
momenta, together with p%““ and the known 7 lepton mass,

36 b (13 TeV)
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FIG. 3. Distributions of the reconstructed ditau invariant mass
(m,,) in the BDT sideband CR, shown for phase O (upper) and
phase 1 (lower) detector configurations. The non-zz 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.

are used to reconstruct the 7 four-vectors and calculate m,.
The data and background prediction are shown in the 7z
CR in Fig. 3. The ratio of data to simulation in this region

is used to extract the correction factors, denoted as 'fl\zn,
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
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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/y* — z~ " background estimates
to cover the large variation in scale factors resulting from the
subtraction of the jetty background from the Z/y* — t7¢*
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 pr 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 (o) 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 lepton + 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 CL; 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 Am™* and m(77")
in Fig. 6. As discussed in Sec. I, the mass splitting between
the neutralinos satisfies Am® = 2Am®*, consistent with
scenarios of large tanf. 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 Am™* from theoretical calculations that
include radiative corrections, following the treatment in
Ref. [24]. The sensitivity peaks around Am* ~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
/s = 13 TeV, based on a data sample corresponding to an
integrated luminosity of 137 fb=! [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 7 that is nearly mass-degenerate with
a slightly heavier neutralino )?(2) and charginos 77". The
search targets a region of parameter space where sensitivity
was limited in previous analyses [31,33], and extends the
reach in Am°(= 2Am®) 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 Am® 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 a Am° of 3.5 GeV. These results place stringent
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FIG. 4. Prefit expected and observed distributions of the event BDT output score in the SRs for the dimuon category (upper) and of the
dimuon invariant mass for events with event classifier scores greater than 0.1 (lower), shown separately for phase O (left) and phase 1
(right) configurations. The gray hatching shows the statistical uncertainty in the background prediction. In the lower panel, the green
band indicates the relative systematic uncertainty in the predicted background, while the black bars represent the total uncertainty,
including both statistical and systematic components. Two example signal scenarios are also shown as colored lines.

constraints on natural supersymmetry and other models
predicting electroweak multiplet dark matter.
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