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Abstract

A search for the pair production of light higgsino-like charginos χ̃±1 and neutralinos
χ̃0

2 is presented, based on a simulation of 3000 fb−1 of proton-proton collision data
produced by the HL-LHC at a center-of-mass energy of 14 TeV. The Phase-2 CMS de-
tector is simulated using Delphes. The χ̃±1 and χ̃0

2 are assumed to be mass-degenerate,
to be pair-produced (χ̃±1 χ̃0

2, χ̃0
2χ̃0

1), and to decay into the lightest stable superymmetric
particle χ̃0

1 via off-shell W and Z bosons. The χ̃0
1 is also assumed to be higgsino-like.

Candidate signal events are required to have two same-flavor, opposite-charge, low
transverse momentum leptons (electrons or muons), one jet, and significant missing
transverse momentum.
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1 Introduction
Supersymmetry (SUSY) [1–5] is considered one of the most compelling theories of physics be-
yond the standard model (SM). It postulates the existence of new particles with spin differing
by half a unit with respect to that of their SM partners. The linear superposition of the fermionic
partners of the Higgs and electroweak gauge bosons, the higgsinos and gauginos respectively,
are referred to as charginos χ̃±1,2 and neutralinos χ̃0

1,2,3,4. If R-parity [6] is conserved, the light-
est supersymmetric particle (LSP) χ̃0

1 is stable. The charginos and neutralinos are produced in
pairs and decay into final states with SM particles and LSPs.

In scenarios of natural supersymmetry, the higgsinos may be the only low-mass supersymmet-
ric states. The spectra will then be characterized by light higgsino-like χ̃±1 , χ̃0

2, and χ̃0
1 parti-

cles, while all other sparticles exhibit masses above the TeV scale. A search for higgsino-like
charginos and neutralinos is therefore critical to probe for natural SUSY at the LHC and the
High-Luminosity LHC (HL-LHC).

If χ̃±1 , χ̃0
2, and χ̃0

1 are higgsino-like, the mass splitting is driven by radiative corrections and
acquires values up to a few GeV. As a result, pair-produced χ̃±1 χ̃0

2 or pair-produced χ̃0
2χ̃0

1 can
decay promptly into χ̃0

1 only via off-shell W and Z bosons, leading to events with low transverse
momentum (pT) SM particles. In leptonic decays of the Z boson, the events will contain one
same-flavor, opposite-charge lepton pair, the invariant mass of which has a kinematic endpoint
at ∆M(χ̃0

2, χ̃0
1) = m(χ̃0

2)−m(χ̃0
1). Sensitivity to the signal is achieved by requiring at least one

jet from initial-state radiation (ISR) that recoils against the two χ̃0
1 and produces significant

missing transverse momentum (pmiss
T ) in the event. Feynman diagrams for the signal processes

are shown in Fig. 1. The ATLAS and CMS collaborations developed searches for higgsino-like
χ̃±1 and χ̃0

2 that used up to 36 fb−1 of proton-proton collision data [7, 8] and started probing the
parameter space beyond the LEP experiments’ limits [9, 10]. By providing 3000 fb−1 of proton-
proton collision data at a center-of-mass energy of 14 TeV, the HL-LHC has the potential to
significantly extend the experiments’ sensitivity to higgsinos.
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Figure 1: Example Feynman diagrams for χ̃±1 χ̃0
2 (left) and χ̃0

2χ̃0
1 (right) s-channel pair produc-

tion, followed by the leptonic decay of the χ̃0
2.

The model used for the optimization of the search and its interpretation is a SUSY simplified
model [11] where the higgsino-like χ̃±1 and χ̃0

2 are assumed to be mass-degenerate and pro-
duced in pairs. The model thus contains both the χ̃±1 χ̃0

2 and the χ̃0
2χ̃0

1 production, where χ̃±1
decays into W∗χ̃0

1 and χ̃0
2 into Z∗χ̃0

1, respectively, with a branching fraction of 100%. The re-
gion of parameter space explored by this analysis includes mχ̃±1

= mχ̃0
2

larger than 100 GeV to
account for the lower limit set by the LEP experiments, as well as 5.0 ≤ ∆M(χ̃0

2, χ̃0
1) ≤ 40 GeV.

The lower and upper bounds on ∆M(χ̃0
2, χ̃0

1) are driven by the minimum lepton pT require-
ment, the suppression of background events containing low mass resonances such as J/ψ, and
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the expected mass separation between the χ̃0
2 and χ̃0

1. In this region of parameter space, the
Z∗ → `` (` = electron, muon) branching fraction depends only slightly on the χ̃0

2 to χ̃0
1 mass

splitting (sub-percent impact); the branching fraction is therefore assumed to be the same as
the branching fraction of the on-shell Z boson.

The cross sections are calculated for
√

s = 14 TeV at next-to-leading-order (NLO) plus next-to-
leading-logarithmic (NLL) precision with the CTEQ 6.6 and MSTW 2008nlo90cl parton distri-
bution functions (PDFs) using the RESUMMINO code [12, 13]. The signal samples are generated
by the MADGRAPH5 aMC@NLO 2.2.2 [14] event generator up to two additional jets at leading
order (LO) precision in perturbative QCD using the MLM merging scheme [15]. The super-
symmetric particles are then decayed by the PYTHIA 8.212 package [16]. PYTHIA also provides
parton showering and hadronization. The simplified models do not include any spin correla-
tions in the decays. MADGRAPH5 aMC@NLO 2.2.2 is also used to produce selected parton-level
background processes at LO (Drell-Yan, W+jets), with the parton showering and hadronization
provided by PYTHIA. The W+W− events are generated at NLO precision using the FxFx merg-
ing scheme [17] and scaled to the NLO cross-section [18]. The NNPDF3.0 [19] LO and NLO
PDFs are used for the simulated samples generated at LO and NLO, respectively. Only the tt
events are generated using MADGRAPH5 v1.5.10 and the CTEQ 6l1 PDF set [20].

All background events, except for the pair production of top quarks and of W bosons, are
generated at

√
s = 13 TeV and the corresponding cross sections are scaled to 14 TeV. The tt and

the W+W− events are generated at a center-of-mass energy of 14 TeV. The effect of multiple
interactions per bunch crossing (pileup) is estimated by overlaying the hard scatter event with
minimum bias events drawn from a Poisson distribution with an average of 200.

The CMS detector [21] will be substantially upgraded in order to fully exploit the physics po-
tential offered by the increase in luminosity at the HL-LHC [22], and to cope with the demand-
ing operational conditions at the HL-LHC [23–27]. The upgrade of the first level hardware
trigger (L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, re-
spectively, and the high-level software trigger is expected to reduce the rate by about a factor
of 100 to 7.5 kHz. The entire pixel and strip tracker detectors will be replaced to increase the
granularity, reduce the material budget in the tracking volume, improve the radiation hard-
ness, extend the geometrical coverage, and provide efficient tracking up to pseudorapidities of
about |η| = 4. The muon system will be enhanced by upgrading the electronics of the existing
cathode strip chambers, resistive plate chambers (RPC), and drift tubes. New muon detectors
based on improved RPC and gas electron multiplier technologies will be installed to add re-
dundancy, increase the geometrical coverage up to about |η| = 2.8, and improve the trigger
and reconstruction performance in the forward region. The barrel electromagnetic calorime-
ter will feature the upgraded front-end electronics that will be able to exploit the information
from single crystals at the L1 trigger level, to accommodate trigger latency and bandwidth re-
quirements, and to provide 160 MHz sampling allowing high precision timing capability for
photons. The hadronic calorimeter, consisting in the barrel region of brass absorber plates and
plastic scintillator layers, will be read out by silicon photomultipliers. The endcap electromag-
netic and hadron calorimeters will be replaced with a new combined sampling calorimeter
that will provide highly-segmented spatial information in both transverse and longitudinal
directions, as well as high-precision timing information. Finally, the addition of a new tim-
ing detector for minimum ionizing particles in both barrel and endocap region is envisaged
to provide capability for 4-dimensional reconstruction of interaction vertices that will allow to
significantly offset the CMS performance degradation due to high pileup rates.

A detailed overview of the CMS detector upgrade program is presented in Refs. [23–27], while
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the expected performance of the reconstruction algorithms and pileup mitigation with the CMS
detector is summarised in Ref. [28].

The generated signal and background events are processed with the fast-simulation package
Delphes [29] in order to simulate the expected response of the upgraded CMS detector. The
object reconstruction and identification efficiencies, as well as the detector response and resolu-
tion, are parameterised in Delphes using the detailed simulation of the upgraded CMS detector
based on the GEANT4 package [30, 31].

2 Event reconstruction
In this analysis, the particle-flow (PF) [32] algorithm is used to attempt to reconstruct and iden-
tify each individual particle in the event. The algorithm considers information from all CMS
sub-detectors to provide a global event description. In addition, the “Pileup Per Particle Iden-
tification” (PUPPI) [33] algorithm calculates the likelihood that each particle originates from a
pileup interaction.

The χ̃0
2 is expected to decay into χ̃0

1 by emitting a low-mass Z∗ boson in the central region of
the detector. Muons (electrons) are therefore selected with 5 ≤ pT ≤ 30 GeV and |η| ≤ 2.4 (1.6).
Dedicated identification criteria, including a requirement on the lepton impact parameter, are
used to identify leptons. The identification efficiency for muons with pT of 5 GeV is 40% over
the considered |η| interval, while it ranges from 90 to 70% for muons with pT of 30 GeV. The
efficiency for electrons with pT of 5 GeV is between 25 and 20% as η increases from 0 to 1.6, and
between 80 to 60% for electrons with pT of 30 GeV. Once identified, muons and electrons are
considered candidate leptons if the scalar sum of track momenta in a cone around the lepton
is less than 5 GeV and smaller than 50% of the lepton pT. The cone’s radius is defined to be

R =
√

∆φ(`, tk)2 + ∆η(`, tk)2 = 0.3, where ` refers to the lepton and tk to the tracks within the
cone, and φ is the azimuthal angle. For electrons, the energy in the isolation cone is computed
using the PUPPI algorithm. The isolation efficiency increases from 65% to 90% as the lepton pT
increases from 5 to 30 GeV.

The anti-kT algorithm [34] with a size parameter of 0.4, implemented in the FastJet program [35],
is adopted to reconstruct jets. In this analysis, candidate jets are jets with pT > 40 GeV GeV and
|η| ≤ 4.0. Candidate jets consistent with the decay and hadronization of a B hadron are tagged
as b jets with an efficiency of 74% [36]. Candidate jets with pT > 200 GeV and |η| ≤ 2.4 are
referred to as ISR jets.

Candidate leptons and jets are required to be separated in space by ∆R =
√

∆φ(`, j)2 + ∆η(`, j)2

greater than 0.4. ∆R is computed for each combination of a candidate lepton (`) and a jet (j).

The missing transverse momentum vector ~pmiss
T is defined as the negative vector sum of all PF

objects in the event with their corresponding transverse momenta weighted through the PUPPI
method. Its magnitude is referred to as pmiss

T .

3 Search strategy
This search targets the production of χ̃±1 χ̃0

2 and χ̃0
2χ̃0

1, followed by the decay of χ̃0
2 into χ̃0

1 via a
low mass virtual Z boson. Events are therefore requested to contain at least two low-pT, same-
flavor, opposite-charge candidate leptons. In candidate signal events, the invariant mass of the
candidate leptons will exhibit a kinematic end point at m`1,`2 = ∆M(χ̃0

2, χ̃0
1).
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In this analysis, it is assumed that either a pmiss
T -based trigger reaching a plateau efficiency for

pmiss
T ≥ 250 GeV (similar to that used in [8]) or a single jet trigger with pT > 170 GeV [37] is

adopted to select events. In order to ensure high trigger efficiency, the events are required to
have pmiss

T ≥ 300 GeV and to contain at least one candidate ISR jet (jISR) with pT larger than
200 GeV. The ISR jet boosts the χ̃±1 χ̃0

2 or χ̃0
2χ̃0

1 system so that the outgoing χ̃0
1 particles are

aligned, increasing the pmiss
T . To further exploit the boosted topology of the signal, events are

accepted only if the pmiss
T and the ISR candidate jet pT satisfy ∆φ(pmiss

T , pT(jISR)) ≥ 2.0. Since
minor hadronic activity is expected from the electroweak production of χ̃±1 and χ̃0

2, an upper
bound of 4 is placed on the number of candidate jets Njet.

Several SM processes lead to events containing two same-flavor, opposite-charge candidate
leptons, one ISR jet, and significant pmiss

T . One background category consists of prompt pro-
cesses, where both candidate leptons originate from the prompt decay of W and Z bosons.
Another category is misclassified processes, where at least one of the two candidate leptons
originates from a semi-leptonic decay of a B hadron, a photon conversion, a decay in flight,
or a misidentified quark or gluon. The prompt background is dominated by Drell-Yan (DY),
diboson, and tt production where both W bosons decay leptonically. The DY contribution is
suppressed by requiring significant pmiss

T , while rejecting events with at least one b jet reduces
the tt background. The dominant misclassified processes are W and tt production where one
candidate lepton originates from the W boson decay and an additional misclassified lepton is
selected in the event. Rejecting events with at least one b jet reduces both contributions. To
further suppress the background contamination, events are accepted only if the angular sep-
aration between the two candidate leptons satisfies ∆R(`1, `2) ≤ 2.0, as expected of collinear
leptons emerging from the decay of a boosted Z∗ boson. Events satisfying the criteria described
above, which are summarized in Table 1, form the baseline signal region.

Table 1: Definition of the baseline signal region. In the table below, N` is the number of lepton
candidates; ∆R(`1, `2) is the angular separation between the two candidate leptons in the φ, η
space; Nb-jet is the number of b jets; Njet is the number of candidate jets (including any ISR jet
reconstructed in the event); NISR is the number of ISR jets; ∆φ(pmiss

T , pT(jISR)) is the azimuthal
distance between the pmiss

T vector and the jISR pT vector; and m`1,`2 is the invariant mass of the
two candidate leptons.

Observable Requirement
N` = 2 (same flavor, opposite charge)
∆R(`1, `2) ≤ 2.0
Nb-jet = 0
Njet ≤ 4
NISR ≥ 1
pmiss

T ≥ 250 GeV
∆φ(pmiss

T , pT(jISR)) ≥ 2.0
m`1,`2 [5, 40] GeV

Figure 2 shows the pT distributions of the candidate leptons with the highest and second-
highest pT in events satisfying the baseline signal region selection. In the signal models, the
mean of the lepton pT is correlated to the ∆M(χ̃0

2, χ̃0
1) mass difference. The pmiss

T and m`1,`2

distributions are presented in Fig. 3.

The missing transverse momentum, the invariant mass of the two candidate leptons, and the
sub-leading lepton pT(`2) observables are found to provide the best discrimination between
signal and background. Events in the baseline signal region are therefore classified in 60 cate-
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Figure 2: Distributions of the candidate lepton with the highest pT (left) and the second-
highest pT (right) for background and signal events in the baseline signal region. Three se-
lected χ̃±1 χ̃0

2 + χ̃0
2χ̃0

1 signal models are shown, where the first number corresponds to the mass
of the χ̃0

2 (and χ̃±1 ) and the second one to the mass of the χ̃0
1. The uncertainty band represents

systematical uncertainties.
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Figure 3: Distributions of the pmiss
T (left) and m`1,`2 (right) for backgrund and signal events in

the baseline signal region. Three selected χ̃±1 χ̃0
2 + χ̃0

2χ̃0
1 signal models are shown, where the

first number corresponds to the mass of χ̃0
2 (and χ̃±1 ) and the second one to the mass of χ̃0

1. The
uncertainty band represents systematical uncertainties.
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gories with pmiss
T values in [250, 300, 350, 400, 500, ∞] GeV, m`1,`2 values in [5, 10, 20, 30, 40] GeV,

and pT(`2) in [5, 13, 21, 30] GeV. The categories are defined based on the pmiss
T resolution and

the expected kinematic endpoints of m`1,`2 and pT(`2) in the signal models.

The search approach in this analysis differs in several ways from the one adopted in the Run-
2 analysis presented in Ref. [8]. In this analysis, facilitated by the large size of the dataset
expected at the HL-LHC, substantially more signal regions are used. In turn, the baseline se-
lection is loosened, with no dedicated requirements to suppress the Z→ ττ background.

4 Expected sensitivity
There are several systematic uncertainties in the yields of both the background and the signal
processes. The dominant experimental uncertainties are those originating from the jet energy
corrections, b-tagging efficiency, lepton identification and isolation efficiency (combined in Ta-
ble 2), and integrated luminosity. The uncertainties values are derived from those estimated in
the current Run-2 based analyses with proper scaling to account for the larger dataset expected
at the HL-LHC. These systematic uncertainties are correlated among the prompt background
processes and between the signal and the prompt background yields. The uncertainty values
are reported per source in Table 2. The uncertainty in the total background also includes the
uncertainty in the determination of the misclassified component. This is assumed to be 30%
based on the prediction in Ref. [8] that uses observed data. It is assumed that the yields are not
affected by the statistical uncertainty due to the limited number of generated event.

Table 2: Summary of the experimental systematic uncertainties assumed in the prediction of
the yields for processes with prompt leptons.

Source Uncertainty
jet energy corrections 1–2.5%

b-tagging 1%
muon, electron efficiency 0.5, 2.5%

integrated luminosity 1%

Theoretical uncertainties in the cross sections and in the acceptance from the choice of parton
distribution functions are considered negligible and are not included. However, a systematic
uncertainty of 10% in the signal acceptance, similar to the value from Ref. [8], is included to
account for the modeling of the ISR jet. The systematic uncertainties are treated as nuisance
parameters with log-normal probability density functions.

The search sensitivity is calculated within the modified frequentist framework using the asymp-
totic formulae and the CLs criterion to compute the results [38–40]. The upper limit on the cross
sections is computed at 95% confidence level (CL) and shown in Fig. 4. These contours corre-
spond to the combination of χ̃±1 χ̃0

2 and χ̃0
2χ̃0

1 production. The signal and background yields
for two representative event categories (out of the total 60) that are sensitive to high-mass χ̃0

2
signals are presented in Table 3. Higgsino-like mass-degenerate χ̃±1 and χ̃0

2 are excluded for
masses up to 360 GeV if the mass difference with respect to the lightest neutralino χ̃0

1 is 15 GeV,
extending the sensitivity achieved in Ref. [8] by ≈210 GeV. Fig. 4 also shows the 5σ discov-
ery contour, computed using all signal regions without taking the look-elsewhere-effect into
account. Under this assumption χ̃±1 and χ̃0

2 can be discovered for masses as large as 250 GeV.
These results demonstrate that the HL-LHC can significantly improve the sensitivity to natural
SUSY.
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Table 3: Signal and background yields in two representative event categories. SR1 is de-
fined by pmiss

T > 500 GeV, m`1,`2 in [10, 20] GeV, and pT(`2) in [13, 21] GeV. SR2 is defined by
pmiss

T > 500 GeV, m`1,`2 in [10, 20] GeV, and pT(`2) in [5, 13] GeV. The signal model considered
here has mχ̃±1

= mχ̃0
2
= 300 GeV and mχ̃0

1
= 280 GeV. Only systematic uncertainties are given.

Process SR1 SR2
Signal 3.3 ± 0.2 8.9 ± 0.5

tt 1.7 ± 0.1 6.2 ± 0.6
W+jets 0.03± 0.01 15.8 ± 4.8
W+W− 0.7 ± 0.04 1.5 ± 0.1

Drell-Yan 0.9 ± 0.1 1.9 ± 0.2

A potential improvement to the analysis is the addition of final states with three leptons orig-
inating from χ̃±1 χ̃0

2 → `νχ̃0
1``χ̃0

1 decays. The acceptance can also be increased with lower re-
quirements on the minimum lepton pT or on the minimum m`1,`2 . The latter improvement is
expected to increase the sensitivity to models with mass splittings below 7.5 GeV, provided that
the background from low-mass resonances is suppressed.
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Figure 4: The 5σ discovery contours and expected 95% CL exclusion contours for the combined
χ̃±1 χ̃0

2 and χ̃0
2 χ̃0

1 production. Results are presented for ∆M(χ̃0
2, χ̃0

1) > 7.5 GeV.

5 Summary
A search for the pair production of light higgsino-like charginos χ̃±1 and neutralinos χ̃0

2 (χ̃±1 χ̃0
2,

χ̃0
2χ̃0

1) is presented using 3000 fb−1 of simulated proton-proton collision data produced by the
HL-LHC at 14 TeV. The χ̃±1 and χ̃0

2 particles are assumed to be mass-degenerate, to be pair-
produced, and to decay into the lightest stable superymmetric particle χ̃0

1 via off-shell W and Z
bosons. The χ̃0

1 is also assumed to be higgsino-like. Higgsino-like mass-degenerate χ̃±1 and χ̃0
2

particles with masses up to 250 GeV can be discovered for a mass difference of 15 GeV relative
to the lightest neutralino χ̃0

1. For this mass splitting, χ̃±1 and χ̃0
2 with masses up to 360 GeV can

be excluded at 95% confidence level.
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