Chinese Physics C  Vol. 46, No. 1 (2022) 013104

Prospects for chargino pair production at the CEPC*

Jia-Rong Yuan(E % %¢)"

Hua-Jie Cheng(Fi#E7%)"

Xu-Ai Zhuang(F75 %)

'Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
2University of the Chinese Academy of Sciences, Yuquan Road 19A, Shijingshan District, Beijing 100049, China
3Department of Applied Physics, Naval University of Engineering, Wuhan 430033, China

Abstract: The proposed Circular Electron Positron Collider (CEPC) with a center-of-mass energy +/s =240 GeV
will primarily serve as a Higgs factory. Additionally, it will offer good opportunities to search for new physics phe-

nomena at low energies, which can be challenging with hadron colliders; however, these discoveries are highly mo-

tivated by theoretical models developed to explain, e.g., the relic abundance of dark matter. This paper presents sens-

itivity studies for chargino pair production by considering scenarios for both a Bino-like and a Higgsino-like neut-

ralino as the lightest supersymmetric particle and using a full Monte Carlo (MC) simulation. By assuming systemat-

ic uncertainties at the level of 5%, the CEPC has the ability to discover chargino pair production up to the kinematic

limit of +/s/2 for both scenarios. The results have a minor dependence on the reconstruction model and detector

geometry. These results can also be considered as a reference and benchmark for similar searches at other proposed

electron-positron colliders, such as the Future Circular Collider ee (FCC-ee) or the International Linear Collider

(ILC), given the similar nature of the facilities, detectors, center-of-mass energies, and target luminosities.
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I. INTRODUCTION

Supersymmetry (SUSY) [1-7] predicts new particles,
each with a spin that differs by half a unit from their cor-
responding standard model (SM) particles. In SUSY
models with conserved R-parity [8], SUSY particles are
always produced in pairs, and the lightest supersymmet-
ric particle (LSP) is stable and can be considered a poten-
tial dark matter candidate [9, 10].

Charginos % (i=1,2) and neutralinos )??
(j=1,2,3,4) are referred to as electroweakinos. They are
the mass eigenstates formed from linear superpositions of
the Bino, Wino, and Higgsino particles, the superpartners
of the charged and neutral Higgs bosons, and elec-
troweak gauge bosons. The subscripts i and j indicate
states of increasing mass. In the Minimal Supersymmet-
ric Standard Model (MSSM), the magnitude of the Bino,
Wino, and Higgsino mass parameters are referred to as
M, M,, and u respectively. The mass splitting between
the electroweakinos mainly depends on the absolute val-
ues of My, M;, and u. Two SUSY scenarios are con-
sidered in this paper. In the first scenario, the absolute

values of the M| and M, parameters are considered to be
near the weak scale and similar in magnitude, while the
magnitude of u is significantly larger such that
|M)| < |M>| < |u|. In this case, the LSP ¢ is a Bino-like
7' and the next to lightest supersymmetric particle
(NLSP) is part of a Wino-like doublet that forms ¥} and
X7 - The second scenario considers the absolute value of u
to be near the weak scale, while the magnitudes of M,
and M, are significantly larger, i.e., |u| < |Mi|,|M;];
hence, )2?, Xi»and )Zg are Higgsino-like and almost mass
degenerate. The first scenario is favored for dark matter
arguments, and the second one is motivated by natural-
ness considerations [11-13]; however, the latter scenario
is a challenging experimental signature to search for due
to the small mass splittings between the NLSP and LSP.
Direct searches for chargino pair production with
Bino-like or Higgsino-like LSPs were previously per-
formed at the Large Electron-Positron Collider (LEP) and
the Large Hadron Collider (LHC). This process was ex-
cluded by the LEP for ¥ masses below 92.4 (91.9) GeV
independent of the %! mass for the Higgsino (Bino) LSP
case [14-19]. At ATLAS (CMS), chargino pair produc-
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tion that assumed a Bino-like LSP was excluded for g7
masses up to 420 (200) GeV assuming a W-boson-medi-
ated chargino decay [20, 21]. For the scenario assuming a
Higgsino-like LSP, ¥7 masses below 193 GeV were ex-
cluded for mass splittings down to 4.6 GeV, and mass
splittings from 1.2 GeV to 30 GeV were excluded at the
LEP bounds on the ¥ mass by ATLAS [22]. Light
higgsinos with mass splittings below 1 GeV, which are
preferred by naturalness conditions from low-energy fine-
tuning measures, are still not excluded by the LHC and
will also be highly challenging for the HL-LHC.

For the Bino-like (Higgsino-like) LSP case, the in-
creased center-of-mass energy of the CEPC will extend
the search sensitivity for the ¥ (¥7 and )2(1)) masses by
more than 100 GeV compared to the LEP experiment.
With a cleaner collision environment and better recon-
struction and identification efficiency for low-energy
particles [23], the CEPC will have an excellent sensitiv-
ity to highly compressed electroweakinos and sleptons
(superpartners of leptons), which are very difficult to
search for at the LHC and even the HL-LHC.

The FCC-ee and ILC are proposed electron-positron
colliders [24, 25]. The CEPC and FCC-ee are both circu-
lar colliders designed to be built and operated in several
stages with center-of-mass energies from 90 to 350 GeV.
The ILC is a linear collider with designed center-of-mass
energies from 250 to 1 TeV. These colliders will primar-
ily operate with center-of-mass energies at the ZH pro-
duction threshold; hence, an energy of 240 GeV is as-
sumed for these studies. A conservative systematic uncer-
tainty of 5% is assumed in this study, which is consistent
with the LEP results [16, 26, 27]. The results presented in
this paper are expected to be largely independent of the
specific detector, trigger, and data acquisition choices and
can be easily considered as a reference for studies at the
other two facilities with proper luminosity scaling.

This paper presents studies on sensitivity to chargino
pair production, followed by the chargino decay to a W
boson and a Bino-like or Higgsino-like neutralino LSP, as
illustrated in Fig. 1. To simplify the analysis, only lepton-
ic W decays are considered. Events with two opposite-
sign (OS) muons and significant recoil mass (Myecoit, the
invariant mass of the recoil system against the two
muons) are selected for all scenarios.

II. DETECTOR, SOFTWARE, AND SAMPLES

The CEPC Conceptual Design Report (CDR) sup-
plies detailed information on detectors and software [28].
Two types of CEPC detector concepts are proposed. The
baseline concept is a particle-flow oriented detector
equipped with an ultra-high granularity calorimeter, a
low-material tracker, and a 3 Tesla solenoid. The alternat-
ive concept uses a dual readout calorimeter and a 2 Tesla
solenoid. In this analysis, the CEPC baseline concept is

Fig. 1. Representative diagram illustrating the pair produc-
tion of charginos and subsequent decay to a two-lepton final
state via W bosons.

used as the detector model.

The following software was used for the study: Whiz-
ard 1.95 [29] was used to generate the official SM MC
simulated event samples. MadGraph 2.7.3 [30] and Py-
thia 8.244 [31] were used for the generation of SUSY MC
simulated event samples. MokkaC 0.1.0 [32] was used to
simulate the interactions between particles and the detect-
or. Clupatra 00-10 [33] was used to reconstruct tracks
from hits in the detector. The particle flow algorithm Ar-
bor 3.4.2 [23] was used to reconstruct physics objects.
LICH v4 [34] based on Multivariate Data Analysis
(TMVA) [35] was used for lepton identification.

The ¥ are pair produced from electron-positron col-
lisions, and each ¥; decays into a W boson and a )2(1) with
a 100% branching ratio. No other sparticle is considered
in the production or decay. The signal samples of char-
gino pair production in the Bino-like LSP case are para-
metrized as a function of the mass of the LSP and 7 ; the
lower bound on the chargino mass is set by the LEP limit,
while the LSP mass is bound by the mass difference
between the chargino and the W boson. Therefore, the ¥7
mass varies in the range 90 - 119 GeV. The signal
samples of chargino pair production in the Higgsino-like
LSP case are parametrized as a function of two SUSY
parameters u and tanf. x varies in the range 90 - 118
GeV, while tang varies in the range 10 - 60. Samples con-
taining 5x 10° (1 x 10°) events are simulated for each sig-
nal point with the Bino-like (Higgsino-like) LSP.

In this paper, reference points with g7 masses of 110
GeV and )}? masses of 1, 10, or 25 GeV are used for the
Bino-like LSP scenario to illustrate the typical features of
the SUSY models to which this analysis is sensitive. The
corresponding leading order (LO) cross section is 2789
fb, as computed by MadGraph. For the Higgsino-like
LSP scenario, three reference points with tanf of 30 and u
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0of 90, 106, or 118 GeV are used with theoretical LO cross
sections of 1966, 1522.9, and 681.2 fb, respectively, as
computed by MadGraph.

This analysis only considers the dominant SM back-
ground processes of final states with two leptons (elec-
trons, muons, or taus) and a significant recoil mass. The
backgrounds are categorized into three types: Higgs pro-
cesses, two fermion backgrounds, and four fermion back-
grounds. The Higgs processes considered are
vwH,H — 17, the two fermion backgrounds considered
are the pu and 71 processes, and the four fermion back-
grounds include the ZZ, WW, single Z, single W, and Z or
W mixing processes. The samples are normalised to a lu-
minosity of 5.05 ab . The cross sections of the dominant
background processes are shown in Table 1.

Table 1.  Cross-sections of the dominant background pro-
cesses in the CEPC.
Processes Cross sections (fb)
T 4374.94
vwH,H — 11 3.07
ZZ or WW — t1vv 205.84
ZZ = tTYVY 9.2
vZ,7Z = 1T 14.57
ZZ or WW — puvv 214.81
Z7Z — upvy 18.17
WW — & 392.96
vZ,Z = pu 43.33
L 4967.58
evW,W — uv 429.2
evW,W — 1v 429.42
eeZ,Z = vv 29.62
eeZ,Z — vy or evW,W — ey 249.34

III. SEARCH FOR CHARGINO PAIR
PRODUCTION AT THE CEPC

The event reconstruction consists of track, particle
flow, and compound physics object reconstruction.
Tracks are reconstructed from hits in the detector by Clu-
patra [33]. Particle flow reconstruction uses the tracks
and the calorimeter hits to reconstruct single particle
physics objects. The output of particle flow reconstruc-
tion can be used to reconstruct compound physics objects
such as converted photons, taus, and jets. The identifica-
tion efficiency of muons is 99.9% for energies above 2
GeV [34]. For muons with energies below 1.3 GeV at the
edge of the barrel region or the overlap region of the bar-
rel and endcap, the identification efficiency is lower than
90%. The recoil system consists of all the particles ex-

cept the two OS charged muons. Without considering the
beam energy spread, the resolution of the reconstructed
recoil mass is between 300 and 400 MeV [28].

The following variables are efficient in discriminat-
ing the signal events from SM backgrounds:

® AR(u*,u”), the angular distance between two
muons.

® AR(u*,recoil), the angular distance between the
muons and the recoil system.

® |A¢(u*,recoil)|, the azimuthal distance between the
muons and the recoil system.

® |A¢p(u*,u7)|, the azimuthal distance between two
muons.

® E,., the energy of the muons.
° P’} , the transverse momentum of the muons.

® M.,..oil, the invariant mass of the two neutrinos and
two LSPs.

The signal regions were optimized and defined based
on the above kinematic variables. Zn [36] was used as a
sensitivity reference in the signal region optimization, the
definition of which is shown in formula (1). A statistical
uncertainty and a 5% global systematic uncertainty were
taken into account in the Zn calculation.

Several kinematic distributions after the two OS
muon selection with E, larger than 10 GeV (1 GeV) are
shown in Fig. 2 (a), (b) (Fig. 2 (¢), (d)), which indicate
the good discrimination power between the signal and
SM processes.

(s+b)(b+02) 12

2 os
Zn= _ —b—ln[l+ b
b2+(s+b)0'i

o b(b+ 0'%)

2[(s+b)ln

2
b

(1

A. Search for chargino pair production with a Bino
LSP

For the Bino-like LSP scenario, events containing ex-
actly two OS charged muons with energies larger than 10
GeV are selected. A selection of AR(u",u™) is used to re-
ject background events from the 7t and pu processes.
Events are required to have P’} > 30 GeV to suppress the
WW and Zv processes. The majority of the signal events
have large recoil masses according to the signal topology,
as shown in Fig. 2 (a); therefore, Miecon > 130 GeV is ap-
plied to reject the yu and ZZ background events and in-
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(color online) The kinematic distributions for (top) Bino-like and (bottom) Higgsino-like LSP cases. The stacked histograms

show the expected SM backgrounds. The hatched bands represent the sum in quadrature of the statistical uncertainties of the total SM
background. To illustrate, the distributions of three SUSY reference points (defined in Sec. II) are also shown as dashed lines. The first
bin clearly includes the underflow events, and the last bin includes the overflow events.

crease the signal sensitivity. The signal region definition
is summarized in Table 2.

The kinematic distributions of M, ...y and P’}i, after
applying all signal region requirements except on the
shown variable, are given in Fig. 3. The "Others" com-
ponent includes the vwwH, H —tr, ZZ or WW — t1vv,
vZ,Z —1t, evW,W-ouv, evW,W -1y,
eeZ,Z — vv, eeZ,Z — vv, and evW, W — ev processes. The
black arrow indicates the signal region selection of this
kinematic variable. The sensitivities shown in the lower
pad of the figures are obtained from the cumulative sig-
nal and background events calculated in the direction of
the cut arrow. The event yields from the background pro-
cesses and signal reference points after signal region re-

27 > 1TVY,

Table 2. Summary of the signal region selection require-
ments for chargino pair production with a Bino LSP.

Signal regions

== 2 muons (OS)

E, = >10 GeV
04 <AR(u*,u)<1.6

PX > 30 Gev

Miecoil > 130 GeV

quirements are shown in Table 3. The dominant back-
ground contributions are from the ZZ or WW — uuvv, uu,
and WW — £¢ processes. The expected sensitivities as a
function of the ¥{ and %! masses with systematic uncer-
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(color online) “N-1” distributions after signal region requirements for the Bino-like LSP case. All signal region requirements

are applied except on the variable shown. The stacked histograms show the expected SM backgrounds. The hatched bands represent the
sum in quadrature of the statistical uncertainties of the total SM background. To illustrate, the distributions from the SUSY reference
points (defined in Sec. II) are also shown as dashed lines. The lower pad is the sensitivity Zn calculated with a statistical uncertainty
and a 5% flat systematic uncertainty. The first bin clearly includes the underflow events, and the last bin includes the overflow events.

Table 3. The number of events with statistical uncertainties
in the signal region of signals and SM backgrounds for char-
gino pair production in the Bino LSP case.

Processes Yields
ZZ or WW — uuvy 1632442
up 609+61
WW — ¢ 163+13
T 88+14
vZ,Z — uu 47.9+7.3
ZZ — puvy 27.7£6.2
Others 0.74+0.74
Total background 2568+77
m (7t 70) = (110, 1) GeV 5940+130
m (7%, 7)) = (110, 10) GeV 6470+140
8470+160

m (¥, #9) = (110, 25) GeV

tainties of 0% or 5% for the Bino-like LSP case are
shown in Fig. 4. The discovery potential can reach the
kinematic limit of +/s/2 and is not sensitive to systemat-
ic uncertainties.

B. Search for chargino pair production with
a Higgsino LSP

For the Higgsino-like LSP scenario, events contain-
ing exactly two OS muons with energies above 1.0 GeV
are selected. The cuts on E,. and AR(u*,recoil) are used
to reject background events from the 77 processes and Z
or W mixing processes. A  requirement of

|Ag(u*,recoil)] < 2.9 is used to suppress the uu process,
and |A¢(u",u7) < 1.4 is used to suppress the background
events with two back-to-back muons, such as from the
vy — pu process, where the photons are produced from
the incoming electrons and positrons. Most of the signal
events have large recoil masses according to the signal to-
pology, as shown in Fig. 2 (c¢); therefore, Miecoy > 237.5
GeV has been applied to reject the pu, Z or W mixing,
and WW background events and increase signal sensitiv-
ity. The signal region definition for the Higgsino-like
LSP case is summarized in Table 4.

The kinematic distributions of E,- and My, after
applying all signal region requirements except on the
shown variable, are given in Fig. 5. The event yields from
the background processes and signal reference points
after signal region selections are presented in Table 5.
The dominant background contributions are from the
vZ,Z — pu and 7t processes. The expected sensitivities
as a function of the ¥} mass and )”((1’ mass with systematic
uncertainty assumptions of 0% or 5% for the Higgsino-
like LSP case are shown in Fig. 6. The discovery sensitiv-
ity can again reach the kinematic limit of /s/2 and is not
sensitive to systematic uncertainties and mass splitting
between the NLSP and LSP. Sensitivity is also expected
at lower mass splittings not explored in this study.

C. Chargino pair production search summary

The studies presented in this paper demonstrate that
the discovery sensitivity for electroweakinos with both a
Bino-like LSP and a Higgsino-like LSP can reach up to a
mass of +/s/2 at the CEPC. The sensitivity can be further
improved if additional final states (i.e., electron and tau)
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Table 4.
for chargino pair production with a Higgsino LSP.

Summary of signal region selection requirements

Signal regions
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are considered, alternate signal scenarios such as disap-
pearing tracks or chargino pair production with photon
initial-state radiation (ISR) are used, or more complic-
ated analytical techniques (e.g., machine learning) are im-
plemented.

The prospective limits from the CEPC compared with
the LEP and LHC results are shown in Fig. 7. In general,
the sensitivity at the CEPC is mainly constrained by the
center-of-mass energy and is not strongly dependent on
the mass splitting between the NLSP and LSP; this al-
lows the CEPC to cover highly compressed electroweaki-
nos that are very difficult to search for at the LHC owing
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(color online) “N-1” distributions of the used variables after signal region requirements for the Higgsino-like LSP case. All

signal region requirements are applied except on the variable shown. The stacked histograms show the expected SM backgrounds. The
hatched bands represent the sum in quadrature of the statistical uncertainties of the total SM background. To illustrate, the distributions
from the SUSY reference points (defined in Sec. II) are also shown as dashed lines. The lower pad indicates the Zn calculated with a
statistical uncertainty and a 5% flat systematic uncertainty. The first bin clearly includes the underflow events, and the last bin includes

the overflow events.
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Table 5.

The number of expected events and statistical un-

certainties in the signal region of signals and SM back-
grounds for chargino pair production in the Higgsino-like LSP

case.
Processes Yields
T 107+16
MU 37x15
vZ,Z = pip 27.8+5.6
77 — puuvy 55428
ZZ or WW — uuvy 32+1.8
WW — ¢ 1.0£1.0
Others 2.6+1.6

Total background 183+23

(u, tanB) = (90 GeV, 30) 396+39
(u, tanf) = (106 GeV, 30) 267+28
(u, tanB) = (118 GeV, 30) 296+20
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to the reduced acceptance and reconstruction efficiency
of soft leptons.

IV. CONCLUSION

Prospective searches for chargino pair production via
W boson decay in scenarios with a Bino-like LSP or
Higgsino-like LSP are performed at the CEPC using sim-
ulated samples. With the assumption of a 5% systematic
uncertainty, the discovery sensitivity of electroweakinos
can reach +/s/2. The choice of systematic uncertainty has
no significant impact on the discovery sensitivity. The
sensitivity can be further improved by considering more
final states, additional signal scenarios, or more complex
analytical techniques. Therefore, the CEPC can extend
the sensitivity to new Supersymmetry particles and pos-
sible dark matter candiates with masses up to 120 GeV
[14-19]. For the Higgsino-like LSP scenario, the CEPC
has a high sensitivity to the compressed regions with a
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The expected sensitivities as a function of the g and 9 masses for chargino pair production in the Higgsino-like LSP scen-

ario. The results assume a systematic uncertainty of (left) 0% or (right) 5%. Black numbers represent the expected Zn values.
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Fig. 7.  (color online) Observed and expected exclusion limits on SUSY simplified models for chargino-pair production with a (a)
Bino-like LSP and (b) Higgsino-like LSP obtained using ATLAS. The observed limits obtained by the LEP are also shown for the
Higgsino LSP case in Fig. 7 (b); however, this is not shown in Fig. 7 (a) because the limit of chargino mass is below 100 GeV. The
prospective limits at the CEPC are also indicated by the dotted purple line for a rough comparison.

small mass splitting between i and ¥, which is very
difficult to achieve in ATLAS and CMS experiments
[22]. The results of this research are based on the CEPC
expectations; however, they can also be considered as a
reference for other lepton collider experiments at a cen-
ter-of-mass energy close to 240 GeV, such as the ILC

[24] and FCC-ee [25].
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