PHYSICAL REVIEW D 108, 115010 (2023)
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Motivated by the recent measurement of muon anomalous magnetic moment at Fermilab, the rapid
progress of the LHC search for supersymmetry, and the significantly improved sensitivities of dark matter
direct detection experiments, we studied their impacts on the minimal supersymmetric standard model
(MSSM). We conclude that higgsino mass should be larger than about 500 GeV for M| < 0 and 630 GeV
for M, > 100 GeV, where M, denotes the bino mass. These improved bounds imply a tuning of O(1%) to
predict the Z-boson mass and simultaneously worsen the naturalness of the Z- and h-mediated resonant
annihilations to achieve the measured dark matter density. We also conclude that the LHC restrictions have
set lower bounds on the sparticle mass spectra: My > 210 GeV, My, My > 235 GeV, My > 515 GeV,
my 2 525 GeV, my: 2 530 GeV, m;, 2 235 GeV, my, 2 215 GeV, and my;, % 250 GeV, where 79 and
7i are wino-dominated when they are lighter than about 500 GeV. These bounds are far beyond the reach of
the LEP experiments in searching for supersymmetry and have not been acquired before. In addition, we
illuminate how some parameter spaces of the MSSM have been tested at the LHC and provide five
scenarios in which the theory coincides with the LHC restrictions. Once the muon g¢-2 anomaly is
confirmed to originate from supersymmetry, this research may serve as a guide to explore the character-

istics of the MSSM in future experiments.
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I. INTRODUCTION

As the cornerstone of particle physics, the Standard
Model (SM) has encapsulated our best understanding of
fundamental particles and forces. Although it is well tested
by many experimental results, there are still unsolved
puzzles, such as the quadratic divergence in the Higgs
squared mass and the absence of dark matter (DM)
candidates. Historically, these puzzles were viewed as
the robust evidence of new physics beyond the SM, and
looking for mechanisms to circumvent them was the
model-building guideline. Supersymmetry (SUSY) is the
most promising among the new physics theories due to its
elegant structure and remarkable advantages in solving
these puzzles [1-4].
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To date, rich information about SUSY has been accu-
mulated due to the rapid progress of particle physics
experiments in recent years. The run-II data of the Large
Hadron Collider (LHC) enabled scientists to explore the
properties of winos, higgsinos, and scalar leptons (sleptons),
which are the SUSY partners of W, Higgs, and lepton fields,
respectively. It was found that wino masses up to about
1060 GeV for Mo <400 GeV and higgsino masses up to

900 GeV for My <240 GeV have been excluded in

the simplified model of SUSY [5], where )?? denotes the
lightest neutralino, acting as the lightest supersymmetric
particle (LSP) and thus a DM candidate under the

assumption of R-parity conservation [4], and Mo is its

mass. Thedata also excluded sleptons lighter than approx-
imately 700 GeV when the LSP was massless based on
statistical methods [5,6]. Furthermore, the LUX-ZEPLIN
(LZ) experiment just released its first results about the
direct search for DM, where the sensitivities to spin-
independent (SI) and spin-dependent (SD) cross sections
of DM-nucleon scattering have reached about 6.0 x
107* cm? and 1.0 x 107*? cm?, respectively, for the DM
mass around 30 GeV [7]. These unprecedented precision
values strongly limit the DM coupling to the SM particles,
which are determined by SUSY parameters. In addition, the
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combined measurement of the muon anomalous magnetic
moment, a, = (g —2) u /2, by the E821 experiment at the
Brookhaven National Laboratory (BNL) [8] and the E989
experiment at Fermilab [9] indicates a 4.2¢ discrepancy
from the SM’s prediction [10-30]. Although this difference
may have been induced by the uncertainties in calculating
the hadronic contribution to the moment, as revealed by the
recent lattice simulation of the BMW collaboration [31], it
was widely speculated to arise from new physics (see, e.g.,
Ref. [32] and the references therein). Along this direction, it
is remarkable that once the difference is confirmed to
originate from SUSY effects, salient features of the theory,
e.g., the mass spectra of the electroweakinos and sleptons,
can be inferred [33-94].

Given that SUSY predictions on these experimental
results rely on different theoretical inputs, it is essential
to collectively study their impacts on the minimal super-
symmetric standard model (MSSM), which is the most
economical realization of SUSY in particle physics
[2,95,96]. For this purpose, we organize this study as
follows. In Sec. II, we briefly introduce the basics of the
MSSM, including its DM physics, the SUSY contribution
to a,, the signals of SUSY particles (sparticles) at the LHC,
and the strategy to search for them. In Sec. III, we perform a
sophisticated scan over the broad parameter space of the
MSSM and clarify how the MSSM remains consistent with
the experimental results. Finally, we draw conclusions
in Sec. IV.

II. THEORETICAL PRELIMINARIES OF MSSM

The following superpotential of the MSSM was given in
Refs. [2,95]:

W=-Y,q-Hyd-Y,l-Hje+Y,q-H,a+ul, H; (2.1

where the superfields g and ] are left-handed SU(2) doublets
for quarks and leptons, respectively, and i1, d, and & are right-
handed singlets for the fermions. The scalar components of
the Higgs doublet superfields, A, and H,, are given by
H,= (H},H%) and H; = (HY, H}), respectively, and their
productisdefinedby H,, - Hy; = (Hf H; — HHY). The first
three terms in the superpotential represent the Yukawa
couplings of the quark and lepton fields, and the last term
is responsible for the higgsino mass.

The MSSM predicts two CP-even Higgs bosons, 4 and
H, one CP-odd Higgs boson A, and a pair of charged Higgs
boson H* =cosfH; +sinfH: in the Higgs sector
[95,96]. Among these states, & denotes the SM-like scalar
discovered at the LHC with m;, ~ 125 GeV, and the neutral
states H and A are approximately degenerate with H* in
mass. The LHC search for non-SM-like Higgs bosons has
obtained model-independent upper limits on the production
rates of H, A, and H* (see, e.g., Refs. [97,98]), indicating

that they should be massive. The electroweakino sector of
the MSSM consists of four neutralinos and two pairs of
charginos [95], denoted by ¥ with i = 1, 2, 3, 4 and ;?ji
with j = 1, 2, respectively, in this work. The neutralinos are
superpositions of bino (B), wino (W?), and two higgsino
fields (HY and HY), and they are Majorana fermions. By
contrast, the left-handed and right-handed components of
the chargino 7, come from the mixing of W+ with H; and
W~ with H respectively, and )?f are Dirac fermions. By
convention, the neutralinos as mass eigenstates are labeled
in an ascending mass order, and so are the charginos. In
addition, each slepton mass eigenstate in the MSSM is
associated with a definite flavor quantum number if there
is no flavor mixing in the slepton sector [99,100]. The
¢-flavored sleptons Z; (i=1,2) are mixtures of chiral scalar
fields #; and Zg. Given that the mixing is usually small, we
also denote #; by its dominant component sometimes to
facilitate our discussion.

A. DM physics in MSSM

On the premise of explaining both the measured DM
density and the muon g-2 anomaly, the DM candidate in
the MSSM must be the bino-dominated lightest neutralino
[101]." It achieves the measured density through the
coannihilation with wino-dominated electroweakinos or
sleptons, or through the Z- or h-mediated resonant
annihilation [104]. In the coannihilation case, the reac-
tions §;5; = XX', where §;S; may be any of LSP-LSP,
LSP-NLSP (next-to-lightest supersymmetric particle),
and NLSP-NLSP annihilation states and XX’ denotes
SM particles, contribute to the density [105,106]. The
effective annihilation rate at a temperature 7" is then
given by Eq. (3.2) in Ref. [106]. This formula indicates
that the annihilation partner has a significant effect
only when the departure of its mass from the DM mass
is less than about 10%. The resonant annihilation is
distinct in that the density is very sensitive to the splitt-
ing between 2|my| and the mediator’s mass [104]. The

weaker the DM coupled to the mediator, the smaller the
splitting must be to achieve the measured density.
Evidently, this situation requires the fine-tuning of the
theoretical parameters.

The cross sections of the DM-nucleon scattering take the
following form [107-109]

'In the case that the lightest left-handed sneutrino acts as a DM
candidate, its interaction with the Z-boson predicts a much
smaller density than its measured value, i.e., Qh* < 0.12, and
meanwhile an unacceptably large DM-nucleon scattering rate
[102]. For the wino- or higgsino-dominated DM case, the density
is below 1073 by our calculation. These cases were surveyed in
the MSSM to explain the muon g-2 anomaly in Ref. [103].
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where F1) and FY denote the normalized up-type and down-type quark contributions to the nucleon mass, respectively,
and Cy is related with the nucleon spin with C,, ~ 1.8 x 1070 ¢cm? for protons and C,, ~ 1.4 x 10™* ¢cm? for neutrons. a is
the mixing angle of the CP-even Higgs states satisfying a ~ # — z/2 in the large m 4 limit [96], and £ is defined by the ratio
of the Higgs vacuum expectation values, namely tan 8 = v, /v,. CJ??)??h’ CJ??J?? > and C;z?;(?z represent the DM couplings to
the Higgs bosons & and H, and Z-boson, respectively. In the series expansion with m,/u as a variable, they are
approximated by [110-113]:

<cos(ﬁ +a) +sin(f—a) "%)

C tan Mz
2050, & e tan Oy ————————
Vava /4(1 _m;?/MZ)

mZ . m}?o
~etan Oy —————— <s1n 26+ —‘) , (2.4)
V(1 —m/p?) p
mZ ) m)?()
Coog~etan@y ——5—— <s1n p+a)+cos(f—a —‘)
2 H W/l(l _ m;?/,uz) ( ) ( ) U
tan Oy cos 23 "z (2.5)
~—e —_— :
" p(l—m2 /u?)
etanfy cos2f  m%
P20z = 5 = m}%{o . (2.6)

where Oy, is the weak mixing angle, and the DM mass My relates to the bino mass M, by myp = M. Taking FY ~
Fy ~ (.14 [111] and tan > 1, one can conclude that

This formula reveals that if M; and u are of the same sign
and the Higgs boson H is tremendously massive, ¢ must be
sufficiently large to be consistent with the results of the
PandaX-4T experiment [114]. It also shows that if M and u
are of opposite signs, which can result in the blind spots of
the scattering [111,115-117], |u| ~ 100 GeV seems to be
experimentally allowed. However, such a possibility has
been limited by the experimental search for the SD DM-
nucleon scattering because, regardless of the relative sign
between M, and p, a small |u| can enhance the scattering
cross section. In summary, the DM direct detection experi-
ments alone have set a lower bound on the magnitude of y.
With the improvement of the experimental sensitivity, the
bound will become tightened.

s my\ (125 GeV\2 tanp (125 GeV\?|?
) (S ) S )T e

B. Muon g-2

The SUSY source of the muon g-2, a5YY, mainly
includes loops mediated by a smuon and a neutralino and
those containing a muon-flavor sneutrino and a chargino
[33-36]. The full one-loop contributions to a3"SY in the
MSSM are not presented here for brevity. Instead, we
provide the expression of a3"SY in the mass insertion
approximation to reveal its key features [35]. Specifically,
at the lowest order of the approximation, the contribu-
tions to a3SY are divided into four types: WHL, BHL,
BHR, and BLR, where W, B, H, L, and R represent wino,
bino, higgsino, and left-handed and right-handed smuon

fields, respectively. They arise from the Feynman
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FIG. 1. Projection of the obtained samples onto M; — M, plane (left panel) and M| — u plane (right panel). The gray triangles denote
the samples that satisfy all restrictions listed in the text, in particular those from the DM relic density measured by the Planck experiment
[119] and the DM direct detection of the PandaX-4T experiment [114]. The blue circles represent those that could further explain the
muon g-2 anomaly at the 26 level, and the green stars are the part of the blue circles that agree with the results from the LHC search for
SUSY. Although only about one-third of the blue circles were studied by the simulations in this work (see the research strategy in the last
subsection), the shape of the green areas is unlikely to significantly change. We verified this point by randomly selecting several
thousands of samples from the blue areas and simulating the LHC restrictions.

diagrams involving W — H,, B— HY, B — HY, and ji; — Fulsy) 34 x+y+xy 2x1Inx

- .o . - x,y) =

Jir transitions, Tespectlvely, and take the following N =120 -17 " (x=—y)x-1)p
forms [35,37,38]:

2ylny 2.13)
T = =13" .
susy _ % mpMoptanp 5 M3 P (x=y)y=1)
QuWHL =g = & fc i o B )
b3 mg, 5, Mg, satisfying f(1,1) = 1/2 and fy(1,1) =1/6.

- ., The following points about a5SY should be noted:
_ fy <1~V122 , flz >} (2.8) (i) If all the dimensional SUSY parameters involved in
o M, az Y take a common value Mgysy, a3”Y is
proportional to mj tan /Mg gy, indicating that
2 2 2 the muon g-2 anomaly prefers a large tanf and a
ay m;M;utan f M Y yPp g
e i b N<~21 , flz >, (2.9) moderately low SUSY scale.
M M (ii) Unlike the “WHL,” “BHL,” and “BHR” contribu-
tions, which usually diminish monotonously with
susy | aymiMyutanf (M% u2> (2.10) the increase of |u|, the “BLR” contribution is
il i el . )

aSUSY
wBHL — g

o)
mg,

%y BHR = T dn ’712 ’71,24 ,71}24 linearly proportional to u. As a result, the tremen-
R R R . . . . .

dously massive higgsino scenario, characterized by

ay mi M ptan B <n~1iL ﬁlﬁx) 2.10) predicting u = 30 TeV, can yield the central value of

S T fy , .

SR = M% ) M% the muon g-2 anomaly even when M, M} , and M,

a —_=
WBLR = 47 ]

HL?
are at the TeV scale [85]. In this study, we are not
interested in this case since it needs severe fine
tunings to predict m, [118].

(iii) Assuming |u| < 1 TeV, the “WHL” contribution is
usually much larger than the other contributions if
fi; 1s not significantly heavier than jip [72].

where 7 and iy, are soft-breaking masses for left-
handed and right-handed smuon fields, respectively,
at the slepton mass scale, and they are approximately
equal to slepton masses. The loop functions are

given by (iv) The difference between the ay"5Y values calculated
5-3(x+y)+xy 2Inx by the mass insertion approximation and the full

felxy) = (x—1)2(y—1)? - (x—y)(x—1)3 expression is less than 3%. We verified this con-
’n clusion for the green samples in Fig. 1 of this work.

—y, (2.12) (v) The two-loop (2L) contributions to a,,, including 2L
(x=y)y-1)° corrections to SM one-loop diagrams and those to
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TABLE I. Experimental analyses of the electroweakino production processes considered in this study, which are categorized by the
topologies of the supersymmetry (SUSY) signals.

Scenario

Final state

Name

- WZER

BT = h/ 2w )~/ ZG
XX — WW)??)??J??

= Zwn

A =Z278.0 ~h/ZG
nn-win A —h/zG

BT+ Heon— 22/ HGG

BT +xson—~ HHGG

A=W
AT =L WL

nt(n>2)+nj(n>0)+Eps

nt(n=3)-+Eniss

20+ lr+Epis
3rHEpis
n¢(n>1)+nb(n>0)+nj(n>0)+Eps

20+ ErFiSS

2bﬂ+E'FiSS
2y +nf(n>0)+nb(n>0)+nj(n>0)+ERs

né(n>4)+Eps

nt(n>2)+nb(n>0)+nj(n>0)+Epss

3f+E-'PiSS
26+ nj(n>0)+ERss

264 nj(n>0)+Emis

CMS-SUS-20-001 (137fb71) [6]
ATLAS-2106-01676 (139fb~") [124]
CMS-SUS-17-004 (35.9fb~1) [122]
CMS-SUS-16-039 (35.9fb7") [123]
ATLAS-1803-02762 (36.1fb71) [126]
ATLAS-1806-02293 (36.1fb71) [127]

CMS-SUS-16-039 (35.9fb~") [123]
ATLAS-1803-02762 (36.1fb~1) [126]

CMS-SUS-16-039 (35.9fb™") [123]
CMS-SUS-16-039 (35.9fb~1) [123]

ATLAS-1909-09226 (139fb~1) [128]
CMS-SUS-17-004 (35.9fb7") [122]
CMS-SUS-16-039 (35.9fb71) [123]
ATLAS-1812-09432 (36.1fb~!) [129]
CMS-SUS-16-034 (35.9fb™") [130]
CMS-SUS-16-045 (35.9fb~") [131]
ATLAS-1908-08215 (139fb~") [5]
CMS-SUS-17-010 (35.9fb~1) [132]
ATLAS-1908-08215 (139fb~") [5]
CMS-SUS-17-010 (35.9fb7") [132]

ATLAS-1802-03158 (36.1fb~1) [133]

ATLAS-2103-11684 (139fb~!) [134]

CMS-SUS-16-039 (35.9fb~") [123]
CMS-SUS-17-004 (35.9fb71) [122]
CMS-SUS-20-001 (137fb7") [6]

CMS-SUS-16-039 (35.9fb71) [123]
CMS-SUS-17-004 (35.9fb7!) [122]
ATLAS-2106-01676 (139fb~1) [124]
ATLAS-1911-12606 (139fb~") [125]
ATLAS-1712-08119 (36.1fb~1) [135]
CMS-SUS-16-048 (35.9fb™") [136]
ATLAS-1911-12606 (139fb~") [125]
ATLAS-1712-08119 (36.1fb~") [135]
CMS-SUS-16-048 (35.9fb~1) [136]

SUSY one-loop diagrams [39], are about —5% of the
one-loop prediction [89]. These were neglected in
this study.

C. LHC search for SUSY

Since some of the electroweakinos and sleptons involved
must be moderately light to account for the
anomaly [83], they are copiously produced at the LHC and
thus are subjected to strong constraints from the SUSY

SUSY

m a,

searches at the LHC with /s = 13 TeV. These searches
usually concentrate on theories with R-parity conservation

[120,121], where the LSP is undetected, leading to missing
energy in the final states. We implement these restrictions

115010-5

by scrutinizing the experimental analyses in Tables I and II.
We find that the following reports are particularly critical:
(i) CMS-SUS-20-001 [6]: Search for SUSY signal
containing two oppositely charged same-flavor
leptons and missing transverse momentum. This
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TABLE II. Same as Table I, but for the slepton production processes.
Scenario Final state Name
¢ — e 2 + Emiss ATLAS-1911-12606 (139 fb~!) [125]

ATLAS-1712-08119 (36.1 fb~1) [135]
ATLAS-1908-08215 (139 fb!) [5]
CMS-SUS-20-001 (137 fb™!) [6]
ATLAS-1803-02762 (36.1 fb~!) [126]
CMS-SUS-17-009 (35.9 fb~!) [137]

(i)

(iif)

analysis studied not only strong sparticle produc-
tions but also electroweakino productions. The
lepton originated from an on-shell or off-shell Z
boson in the decay chain or from the decay of the
produced sleptons. For the electroweakino pair
production, the wino-dominated chargino and neu-
tralino were explored up to masses of 750 GeV and
800 GeV, respectively. For the slepton pair produc-
tion, the first two-generation sleptons were explored
up to a mass of 700 GeV.

CMS-SUS-16-039 and CMS-SUS-17-004
[122,123]: Search for electroweakino productions
with two, three, or four leptons and missing trans-
verse momentum (E?iss) in the final states. One
remarkable strategy of this analysis was that it
included all the possible final states and defined
several categories by the number of leptons in the
event, their flavors, and their charges to enhance the
discovery potential. In the context of simplified
models, the observed limit on wino-dominated My
in the chargino-neutralino production was about
650 GeV for the WZ topology, 480 GeV for the
WH topology, and 535 GeV for the mixed
topology.

ATLAS-2106-01676 [124]: Search for wino-
or higgsino-dominated chargino-neutralino pair pro-
ductions. This analysis investigated on-shell WZ,
off-shell WZ, and Wh categories in the decay chain
and focused on the final state containing exactly
three leptons, possible ISR jets, and EXS. For the
wino scenario in the simplified model, the exclusion
bound of My was about 640 GeV for a massless ;?(1),

and it was weakened as the mass difference between
75 and 7} diminished. Specifically, 79 should be
heavier than about 500 GeV for My = 300 GeV
(the on-shell W/Z case), 300 GeV for a positive My
and 35 GeV < My = Mo <90 GeV (the off-shell
W/Z case), and 220 GeV when My — My =

15 GeV (the extreme off-shell W/Z case). By
contrast, 7 was excluded only up to a mass of
210 GeV for the off-shell W/Z case of the higgsino
scenario, which occurred when My = My =

7 s
10 GeV or my — my 2 35 GeV.
2 1

(iv) ATLAS-1911-12606 [125]: Concentration on
compressed mass spectra case and search for electro-
weakino pair or slepton pair production, with two
leptons and missing transverse momentum as the
final state. The results were projected onto the Am —

79 plane, where Am = My — My for the electro-

weakino production. It was found that the tightest
bound on the higgsino-dominated f(g was 193 GeVin
mass for Am ~ 9.3 GeV, and the optimum bound on
the wino-dominated 7 was 240 GeV in mass when
Am ~7 GeV. Similarly, it was found that light-flavor
sleptons should be heavier than about 250 GeV for

Am~ = 10 GeV, where m~= m~ — m.
4 I3 I 1

Note that all the analyses were based on 139 fb~! data
except for the second analysis, which studied 36 fb~! data.

III. COMBINED EXPERIMENTAL
IMPACTS ON MSSM

This research utilized the package SARAH 4.14.3 [138—
141] to build the model file of the MSSM, the codes
SPHENO 4.0.4 [142,143] and FLAVORKIT [144] to generate
particle mass spectra and compute low energy observables,
such as a;"5Y and B-physics observables, and the package
MicrOMEGAs 5.0.4 [145—-150] to calculate DM observables,
assuming that the lightest neutralino was the sole DM
candidate in the universe. Bounds from the direct search for
extra Higgs bosons at the LEP, Tevatron, and LHC and the
fit of h’s property to LHC Higgs data were implemented by
the programs HiggsBounds 5.10.2 [151-154] and HiggsSignals

2.6.2 [155-158], respectively.

A. Research strategy

The main aims of this research were to explore as many
possibilities (parameter points) of the MSSM as possible,
clarify how they remain consistent with current experi-
mental results, and reveal some distinct characteristics of
the theory. We carried out such a study by the following
procedures:

(1) We employed the MULTINEST algorithm [159] to
comprehensively scan the parameter space in Ta-
ble III. The ny;,, parameter in the algorithm con-
trolled the number of active points sampled in each
iteration of the scan, and n;;,, = 10000 was set. The

115010-6
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TABLE III.

Parameter space explored in this study, where tan f was defined at the electroweak scale and the others were defined at the

renormalization scale Q = 1 TeV. M, and Mj;, are soft-breaking masses for left-handed and right-handed smuon fields, respectively.
Other dimensional parameters not crucial to this study were fixed at 3 TeV, including the SUSY parameters for the first- and third-
generation sleptons, three generation squarks (except for the soft trilinear coefficients A; and A, which are assumed to be equal and

change freely), and gluinos.

Parameter Prior Range Parameter Prior Range
tan Flat 1 ~60 A,/TeV Flat -5.0~5.0
u/TeV Log 0.1 ~1.0 my/TeV Log 0.5~10
M,/TeV Flat -1.0~1.0 M,/ TeV Log 0.1~15
M;, /TeV Log 0.1~1.0 M, /TeV Log 0.1~1.0

(@)

following likelihood function was constructed to
guide the scan:

L= L, % Leons: (3.1)

Ca# is the likelihood function of the muon g-2
anomaly given by

1 /aSUSY — Ag,\2
., =ew |3 ()

u
o[ 1 (@Y =251 x 100\
= X —_—— .
P75 50%10°10

Exp SM

where Aa, = a,”’ — a,” and éa, represent the
difference between the experimental central value
of a, and its SM prediction and the total uncertain-
ties in determining Aa,,, respectively [8-30]. L ong
denotes the restrictions of some experiments on the
theory. They included the consistency of /’s proper-
ties with the LHC Higgs data at the 95% confidence
level (CL) [158], the collider searches for extra
Higgs bosons [154], the central value of the DM
relic density from the Planck-2018 data [119]
(assuming theoretical uncertainties of 20% in the
density calculation), the 90% CL upper bounds of
the PandaX-4T experiment on the SI DM-nucleon
scattering [114] and the XENON-1T experiment on
the SD scattering [160], the 26 bounds on the
branching ratios of B — X,y and B, - u"u~
[161], and the vacuum stability of the scalar potential
consisting of the Higgs fields and the last two
generations of slepton fields [162,163]. We defined
Leonst = 1 if the restrictions were satisfied and
Leonst = Exp[—100] if they were not. More
details of these restrictions were introduced in
Refs. [72,86].

We refined the samples obtained in the scan by
the criteria Loy = 1 and |a30SY — Aa,|/ba, <3,
and we projected those passing the selection onto
the two-dimensional planes spanned by any two of

the parameters M, M,, u, ﬁlﬂu and ﬁiﬁR. We then

concentrated on the region of the planes where the

samples were sparsely distributed and performed a

new scan by adjusting relevant parameter ranges and

setting ny;,. = 3000.

(3) We iterated the last operation with all accumulated
samples until the projected areas on the planes
remained unchanged. At this point, we acquired
221 x 10° samples surviving the criteria, and
about 1.7 x 10° of them could further explain the
(9-2), anomaly at the 20 level.

(4) We simplified the study of the restrictions from the
LHC search for SUSY. Specifically, given that the
sample number was huge and the Monte Carlo
simulation of each sample introduced below would
cost more than one core-hour for our computing
cluster, we selected some representative points and
carried out the simulations. These points were stored
in a specially designed sample database, achieved in
the following way:

(i) We searched for the sample with the greatest
likelihood value from a database storing all the
scan results.

(i) We constructed a hypersphere in the parameter
space, which was centered around the sample
with a radius of 10 GeV for M, M,, and u (note
that the simulation results were more sensitive to
these three parameters than the other dimen-
sional parameters), 20 GeV for /m;, and 7, , and
one unit for tan f3.

(iii))We copied useful information of the central
sample to the newly built database for simulation
and sequentially deleted all samples in the
hypersphere to update the initial database.

(iv) We iterated the above operations until all the
samples in the initial database were depleted.

We add that the method to dilute the dense samples was
plausible because the R-value of the simulation relied
heavily on both the mass spectra and the field compositions
of sparticles, which determined their production cross
sections and decay branching ratios. All samples in the
hypersphere had similar properties in these two aspects,
and the R-value of the studied point was typical for these
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samples. In addition, the method paid more attention to the
samples favored by the anomaly, which was the focus of
this research. After requiring the representative points to
explain the muon g-2 anomaly at the 2¢ level, we finally

acquired 58242 samples for the simulations.
(5) We surveyed the LHC restrictions on the represen-
tative points by simulating the following processes:

pp =77, i=23.45 j=12 (32
pp =iz, Li=12 (3.3)

pp— 0. i.j=23.45 (34

pp = By, iLj=12 (3.5)

pp = U, (3.6)

Specifically, the cross sections of these processes at
/s = 13 TeV were calculated at the next-to-leading
order (NLO) by the package PROSPINO2 [164], and
60000 and 40000 events were generated for the
electroweakino and slepton production processes,
respectively, by the package MADGRAPH_AMC@NLO
[165,166]. A relevant parton shower and hadroni-
zation were completed by the program PYTHIAS
[167]. The resulting event files were then fed into
the package CheckMATE2.0.29 [168—170] to calculate
the R-value defined by R = max{S,/S}5,}. where
S; denotes the simulated event number of the ith SR
in the analyses of Tables I and II, and S5
represents its corresponding 95% confidence
level upper limit. In this process, program
DELPHES was encoded in CheckMATE for detector
simulation [171].
As an alternative, we also used the program
SMODELS2.2.1 [172] to study the LHC restrictions.
We found that this program’s capability to exclude
SUSY points was usually weaker than that of the
simulation due to its limited database and strict
working prerequisites.
We clarified the reasons for studying the parameter space
defined in Table III:

(i) Given that the soft-breaking masses of the three-
generation squarks were fixed at 3 TeV, A, ranging
from —5 TeV to 5 TeV could provide an appropriate
correction to acquire 122 GeV < m;, < 128 GeV by
stop-mediated loops [96].

(ii) Since my could significantly affect the Higgs proper-
ties and the DM-nucleon scatterings, we let it vary
from 0.5 TeV to 10 TeV, where the lower bound was
inspired by the results of the LHC search for extra
Higgs bosons [97,98] and the upper bound was

chosen to be tremendously large to show the
decoupling feature of the heavy Higgs bosons [96].

(iii) Motivated by the results of the LEP search for
charginos2 and the naturalness to predict Z-boson
mass [118], we assumed 0.1 TeV <u <1 TeV.

(iv) Noting that the muon g-2 anomaly preferred |mg| <
650 GeV [83], we set |M;| < 1 TeV.

(v) M,, My , and M, in the considered ranges could
explain the muon ¢-2 anomaly at the 20 level and
simultaneously predict the measured DM relic
abundance. Their lower bounds arose from the
exclusion capability of the LEP experiment in
searching for SUSY, and their upper bounds were
motivated by our previous interpretations of the
muon ¢-2 anomaly in the next-to-minimal super-
symmetric standard model [87], which shared many
features with the MSSM. If any of these parameters
lay beyond the upper bounds, MSSM would become
challenging to explain the muon g-2 anomaly on the
premise of coinciding with the experimental results.

(vi) We adopted the same range of tan  as those in the
latest global fits of the MSSM to various available
experimental data, which the Mastercode group
performed [101,173,174]. The range was also con-
sistent with the most recent explanations of the
muon g¢-2 anomaly in the MSSM (see, e.g.,
Refs. [38,78,83,175]). We noted that a large tan
could enhance the bottom Yukawa coupling, and the
perturbativity of the theory up to the grand uni-
fication scale implied tan # < 75 [176]. For the case
of 60 <tanp <75, unexplored in this study, the
electroweakinos and smuons were preferred to be
heavier than those in the present work explaining the
muon ¢-2 anomaly. Consequently, the LHC restric-
tions on the theory became weak, and the conclu-
sions of this study remained unchanged. One could
acquire these conclusions from the feature of
a3"SY o tan § and the upper left panel of Fig. 2 in
this work.

B. Key features of the results

First, we studied the DM physics of the MSSM by
projecting the samples acquired by the scans onto the M| —
M, and M — u planes to obtain Fig. 1. This figure reveals
the following facts:

(1) If only the restrictions from the DM physics are
considered, the DM candidate is bino-dominated
for M| <800 GeV. It may achieve the measured
relic density by the Z-mediated resonant annihila-
tion, the A-mediated resonant annihilation, or the

*The website http://lepsusy.web.cern.ch/lepsusy/Welcome
html provided the LEP results in SUSY search. They were
acquired by the LEP SUSY Working Group, consisting of
ALEPH, DELPHI, L3, and OPAL collaborations.
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is sensitive to. my, is the mass of the left-handed-

dominated smuon, which may significantly differ from the soft-breaking parameter M, defined at Q = 1 TeV in Table III. Samples
surviving the LHC restrictions are classified into five types, marked by A, B, C, D, and E in this figure. They are distinguished by
different DM annihilation mechanisms and locations in the SUSY parameter space (see Table IV).

(i)

(iif)

coannihilation with winolike electroweakinos. In
addition, we will show later in Figs. 5 and 6 that
it may also acquire the density by coannihilating
with fi, /D, or fig.

If the samples are further required to explain the
muon g¢-2 anomaly at the 20 level, |M,| is upper
bounded by about 620 GeV. Furthermore, if the
LHC restrictions are included, it is upper bounded
by about 570 GeV.

There is a vacant region on the M; — M, plane,
located in the ranges of 350 GeV < M; < 570 GeV,
400 GeV <M, <600GeV, and M;+30GeVS
M, <M+ 100 GeV. This region is distinct because
winos can significantly affect the mass of 7, by
radiative corrections, and given the values of M| and
M, one needs to fine-tune the soft-breaking param-
eter My, to predict the measured DM density by
coannihilating with , /ji; . This situation is challeng-
ing in the scans since it easily results in 7, as the LSP.

@iv)

)

115010-9

We add that this vacant region corresponds to the
void on the bottom right corner of the |mx?| — My
plane in Fig. 4.

The higgsino mass y should be larger than 300 GeV,
350 GeV, 410 GeV, and 500 GeV for the cases of
M, <-100 GeV, M, ~—-m,/2, M|, ~m,/2, and
M, Z 100 GeV, respectively. In particular, u is more
tightly limited for the possibility of M; > 0 than for
the case of M, < 0, given that |M,| is fixed. These
phenomena arise from the restrictions of the Pan-
daX-4T experiment. One can understand them by the

expression of 65 in Eq. (2.7), noting the approxi-

=N
mation mgo ~ M, and the fact that a negative M can
lead to the cancelation of different contributions to
the SI DM-nucleon scattering cross-section.

The observables in the DM physics and the muon
g-2 anomaly may prefer different parameter spaces
of the MSSM, even though broad parameter regions
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TABLE IV. Parameter spaces for the five types of samples in Fig. 2, where the theoretical inputs in the last five columns are in units of
GeV. The second column denotes which particles ;?? will coannihilate with to acquire the measured DM density. In this aspect, Type-A
and Type-B samples are different in that m; = M, + 30 GeV for the former and mj;, ~ M, for the latter.

Sample type Annihilation partner |M,| M, u mg, mg,

Type-A w (220, 560) (230, 600) (430, 1000) (350, 1000) (300, 1000)
Type-B jiy and W (210, 550) (230, 600) (430, 1000) (240, 600) (300, 1000)
Type-C i (230, 540) (600, 1400) (540, 1000) (240, 550) (230, 1000)
Type-D fix (210, 520) (300, 700) (440, 1000) (400, 1000) (210, 1000)
Type-E fir (230, 320) (950, 1300) (570, 1000) (240, 600) (230, 1000)

can still accommodate both. For example, a
negative M is disfavored by the muon g-2 anomaly
in the large u and M, region, because the BLR
contribution to a3SY is negatively sizable. This
case, however, can easily reproduce the results of
DM experiments.

Second, we concentrate on the interplay between the
muon g-2 anomaly and the LHC restrictions. As introduced
in the last section, explaining the muon g¢g-2 anomaly
requires more than one sparticle to be moderately light [83].
In particular, M,, u, and my; cannot be very large
simultaneously since the WHL contribution is usually
dominant. This situation leads to sizable SUSY signals
and thus strengthens the LHC restrictions. In Fig. 2, we
show the correlations of any two of the three parameters,
My, p, and my , and also the correlation between y and
tan 3. The following distinct features are shown:

(i) The LHC restrictions have set lower bounds

on the SUSY parameters: tanf> 12, u = 400 GeV,
M, Z 230 GeV, my, 2> 240 GeV, and as shown in
Fig. 1, [M,| Z 210 GeV.

(i) As indicated by the top left panel, the LHC re-
strictions are particularly strong for tan # < 25. The
underlying reason is the muon g-2 anomaly prefers
light winos, higgsinos, and left-handed-dominant
smuon as tan f becomes small.

(iii) In the case that fi; is lighter than winos and/or
higgsinos, the LHC restrictions are also strong,
which is reflected by the wedge-shaped excluded
regions on the M, —my, and pu —my, planes. This
was because the heavy electroweakinos could decay
into the slepton first and thus enhance the leptonic
signal of the electroweakino pair production proc-
esses (compared with the case where ji; is heavier
than the electroweakinos). We elaborate on this point
by fixing mj; =300 GeV and varying M,. For
M, ~ 300 GeV, although the total wino pair pro-
duction cross sections exceeded 550 fb [177,178],
there were some samples surviving the LHC con-
straints due to the small mass splittings between the
winolike particles and ;”((1). In this case, the winolike
particles decayed into 7 and a soft virtual Z or W,
which made the signal detection difficult. With the

increase in M,, all the samples were excluded
because the winolike particles were copiously pro-
duced at the LHC due to their moderate lightness,
and simultaneously the branching ratios of their
decays into the slepton were sizable. Specifically, we
found that the ratios were always larger than 20%.
With the further increase in M,, the wino pair
production rates rapidly decreased so that the
LHC constraints were weakened, reflected by the
appearance of the green areas at M, ~ 900 GeV in
the bottom right panel. We add that this discussion
can be applied to the u — m;, plane in the bottom
left panel.

(iv) Samples consistent with the LHC restrictions can be
classified into five types, distinguished by their DM
annihilation mechanisms and locations in the param-
eter space. They are marked as A, B, C, D, and E in
the figure. In Table IV, we provide the criteria of this
classification. We will present benchmark points to
reveal their properties and study the LHC restric-
tions later.

Third, we studied the impact of the LZ experiment on the
MSSM. In Figs. 1 and 2, the PandaX-4T results were used
to set upper bounds on the SI cross sections of the DM-
nucleon scattering [114]. We utilized the LZ limits to refine
the samples further, projected the selected samples onto
various panels, and compared the resulting figures with
their correspondence plotted with the samples in Fig. 1. The
most remarkable change came from the fact that 4 was
more strongly limited, which was reflected in the following
aspects.

(i) Given the measured DM density, the LZ experiment
alone required p 2 380 GeV for M; < —100 GeV
and p 2 600 GeV for M| > 100 GeV. If the restric-
tions from the muon g¢g-2 anomaly and the LHC
experiment were also included, the lower bounds
became about 500 GeV and 630 GeV, respectively,
indicating that the theory needs a tuning of O(1%)
to predict the Z-boson mass [118]. Compared with
the restrictions from the PandaX-4T experiment,
these bounds were improved by about 100 GeV.

(ii)) The Z-mediated resonant annihilation became less
favored because an enhanced p reduced C)??)??Z in
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Left panel: same as the upper right panel of Fig. 2, except that all the samples were required further to satisfy the LZ

restrictions. Right panel: same as the left panel of this figure, except that the samples were projected onto the u — m;, plane.

Eq. (2.6), and 2|m;»| should be closer to m; to obtain

the measured density. This situation required the
fine-tuning quantity defined in Eq. (19) of Ref. [179]
to be larger than about 150 to achieve the measured
density. This conclusion also applied to the h-
mediated resonant annihilation. We point out that,
due to the tuning, these resonant annihilation sce-
narios were usually missed in the scans (see, e.g., the
results in Fig. 4 of this study). This point was
discussed with Bayesian statistics in footnote 6
of Ref. [89].
Since the LZ constraint and the LHC restriction were
sensitive to different SUSY parameters, they com-
plemented each other in exploring the features of the
MSSM. This was particularly so if one intended to
explain the muon ¢-2 anomaly at the 2o level. The
basic reason was that u correlated with the other
parameters by the anomaly, and any enhancement of
4 in a massive higgsino scenario would make winos
and fi; lighter to keep a5SY unchanged. This
situation usually improved the LHC restrictions.
To show the combined effects, we projected the
samples passing the LZ restrictions onto the M, — u
and p—my planes in Fig. 3 and compared the
resulting panels with their corresponding ones in
Fig. 2. We also focused on the samples studied by
the Monte Carlo simulations. We classified them by
the dominant annihilation mechanisms of the DM,
which limit of the DM experiments was set, and
whether the LHC restrictions were included in this
research. We presented the results in Table V. Both
the figure and the table showed that the two experi-
ments promoted each other to limit the parameter
space of the MSSM.
Fourth, we surveyed the influences of these experiments
on sparticle properties. We projected the samples of Fig. 1

(iif)

(Fig. 3) onto the [mz| — my=, [my| —my, , and [mz| —my,
planes to acquire the left (right) panels of Figs. 4-0,
respectively. The classification of the samples was the
same as before. From these plots, we obtained the follow-
ing points:

(i) With the increase in |my|, the upper bounds of m:

and my decreased, and they terminated at My
600 GeV and mj ~700 GeV for My = 570 GeV.

This tendency was not evident for m;, because
a3USY was more sensitive to M, u, and m;; than to
my,, as indicated by Egs. (2.8)—~(2.11).

The LHC restrictions have set lower bounds on the
sparticle mass spectra, which were mp 2 210 GeV,
My 2 235GeV, my, 2240GeV, and m;, 2215GeV
in this research. The basic reason for this phenome-
non is as follows: if 7V is lighter, more missing
momentum will be emitted in the sparticle

(i)

TABLE V. Numbers of the samples studied by the simulations.
They were categorized by the dominant annihilation mechanisms
of the DM, which limit of the DM direct detection experiments
was set, and whether the LHC restrictions were included in the
research.

Before LHC After LHC
constraints constraints
Annihilation mechanisms  PandaX LZ PandaX LZ
All 58242 39657 11204 5656
B — W coannihilation 31108 20123 7927 3435
B—ji; —W coannihilation ~ 10052 6622 287 174
B — Ji; coannihilation 13445 11052 2737 1884
B — jiz coannihilation 2869 1860 253 163
Z— funnel 408 0 0 0
h— funnel 360 0 0 0
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FIG. 7. Sparticle mass spectra preferred by different experi-

ments. The cyan band was acquired from the gray samples in
Fig. 1, and the yellow, orange, and red bands were from the gray,
blue, and green samples in Fig. 3, respectively.

production processes at the LHC, which can improve
the sensitivities of the experimental analyses; on the
other hand, if sparticles other than 79 are lighter, they
will be more copiously produced at the LHC to
increase the number of events containing multiple
leptons. We emphasize that these bounds should be
regarded as rough estimates, instead of accurate
values, since far from enough samples were studied,
given the broad parameter space of the MSSM.
Finally, we summarize the sparticle mass spectra pre-
ferred by different experiments in Fig. 7. This figure reveals
that 570 GeV = My > 210 GeV, My, My > 235 GeV,
my 2 515 GeV, m0>525 GeV, mi>53OGeV my 2
235 GeV, 950 GeVz my, 2215 GeV and my, 2 250 GeV
if all the latest restrictions are considered. The lower
bounds come from the LHC restrictions, and the upper
bounds arise from the explanation of the muon g-2 anomaly
at the 20 level. In addition, it was verified that 73 and 77
were wino-dominated when they were lighter than about
500 GeV and my; might be either m;; or my . It was also
verified that 600 GeV 2 MNLSP 2 220 GeV and 700 GeVz
manisp 2 250 GeV, where the NLSP and NNLSP might
be either electroweakinos or sleptons. In principle, the
sparticles other than ) and ji{ are also upper bounded in
mass by the explanation of the anomaly. We do not provide
these bounds since the parameter space in Table III is
limited.

C. More details of LHC restrictions

Even in the simple realization of SUSY, such as the
MSSM, the decay products of heavy sparticles are complex
(see the benchmark points presented below). As a result,
the pair productlons of winos, higgsinos, ji;, and fi at the

LHC, pp - WW,HH, jiy fiy , fipfig, may contribute to the
same SR of the analyses in Tables I and II. All these
contributions must be suppressed for any parameter point to

circumvent the LHC restrictions, which may occur in the
following situations:

(1) The DM candidate is massive, compared with the
results of pertinent experimental analyses. In this
case, all SM particles in the final state are not
energetic enough, and the missing momentum emit-
ted in the sparticle production processes tends to
be small.

(2) The mass splitting between the decaying sparticle
and 7V is less than several tens of GeV. In this
compressed spectra case, the SM particles as the
decay product are soft and hard to detect without a
deliberate search strategy.

(3) Heavy sparticles decay by several channels with
comparable branching ratios in terms of size.
This situation usually leads to complicated final
decay states.

(4) Sparticles are sufficiently heavy, compared with
their experimental exclusion bounds in simplified
models, so that their production cross sections are
negligibly small.

We refer to these situations as survival mechanisms I, 11, 111,
and IV in the following discussion. An illuminating
example of situations 1 and 2 was presented in Fig. 16
of Ref. [124], which concluded that there were no LHC
restrictions on winos in the B — W coannihilation case if
Mo 2 220 GeV. Evidently, this bound is significantly

weaker than the other searches for winos at the LHC.

To simplify the discussion of the LHC restrictions, we
first classified the blue samples in Fig. 3 by the DM
annihilation mechanisms, similar to what we did in Table V.
Then, we only focused on the samples studied by the
Monte Carlo simulations. We show in Table VI the
numbers before and after simulating the LHC restrictions,
the SRs that contributed to the largest R-values, and their
capability to exclude the samples of each mechanism,
expressed by the percentage of the total numbers in the
second column. The following SRs are involved:

(1) SR-1: Signal regions SRG08_0j_mll and SRG0O7_
0j_mll defined in Ref. [6]. They come from the LHC
search for slepton pair production by the final state
containing two opposite-sign-same-flavor (OSSF)
leptons and missing transverse momentum.

(i) SR-2: Signal regions SR_A44, SS15, and SR_AO08
in Refs. [122,123]. They arise from the LHC search
for electroweakinos with the final state containing
missing transverse momentum, no jets, and two
same-sign (SS) dileptons for the SS15, and three
electrons, or muons that form at least one OSSF pair
for the SR_A44 and SR_AOS.

(ili)) SR-3: Signal regions E-high-mm-30, S-high-
mm-05, S-high-mm-10, and so on proposed in
Ref. [125]. They concentrated on the electroweaki-
nos with compressed mass spectra and investigated
the sparticles’ production at the LHC by the final
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TABLE VI

Supplement to Table V with the SRs that contribute to the largest R-value and their capability to exclude the samples,

expressed by the percentage of the total numbers in the second column. This table only counts the samples satisfying the LZ restrictions
and studied by the simulations. The second and third columns denote the sample numbers before and after implementing the LHC
restrictions, respectively, which are also presented in Table V. They reflect that the LHC restrictions on the B — ji; — W and B — jig
coannihilation cases are very strong. One can understand this feature from the previous discussions in this study and the benchmark
points listed below. The fourth column reveals that only SR-1 from the experimental analyses in Ref. [6] and SR-2 from
Refs. [122,123] played a role in excluding the B — ji; coannihilation case, which was different from the other cases.

Annihilation mechanism Before After SRs and their exclusion percentages

All 39657 5656 SR-1(23.7%), SR-2(18.5%), SR-3(12.7%), SR-4(11.6%)
B — W coannihilation 20123 3435 SR-3(23.8%), SR-4(21.1%), SR-5(6.3%), SR-1(0.1%)
B — i, — W coannihilation 6622 174 SR-3(28.6%), SR-4(16.4%), SR-2(14.4%), SR-5(11.7%)
B — ji; coannihilation 11052 1884 SR-1(52.0%), SR-2(30.4%)

B — jig coannihilation 1860 163 SR-2(44.0%), SR-4(32.3%), SR-3(6.2%), SR-1(0.8%)

state containing two leptons and missing transverse
momentum.

(iv) SR-4: Signal regions SR_incWZoff_high_njcl,
SR_WZoff_high_njd, SR_W-Z_off_high_njc, and
so on defined in Ref. [124]. They studied the
chargino-neutralino associated production at the
LHC by the final state containing three leptons
and missing transverse momentum, where the char-
gino and neutralino decayed into off-shell W and Z
bosons, respectively.

(v) SR-5: Signal regions SR1_weakino_3high_mll_2,
SR2_stop_3high_pt_1, and SRI1_weakino_2me-
dia_mll_2 defined in Ref. [136]. They arose from
the LHC search for new physics by the signal
containing two soft oppositely charged leptons
and missing transverse momentum.

These analyses revealed how the annihilation mechanisms
have been tested at the LHC. In particular, Table VI shows
that different SRs complement each other in doing so, and a
single SR never plays a dominant role in this regard. This
conclusion depends not only on the intrinsic physics of the
MSSM but also on the details of these SRs. It arises from
the fact that we included as many experimental analyses as
possible to study the LHC restrictions, and each of them
usually defined several signal regions. This situation
allowed us to make good use of the experimental data to
explore the parameter space of the MSSM.

Next, we illuminate how the MSSM manages to survive
the LHC restriction. We looked for benchmark points from
the Type-A, B, C, D, and E samples specified in Table IV
and labeled them P1, P2, P3, P4, and PS5, respectively. We
presented their details in Tables VII-IX, and provided
corresponding survival mechanisms in Table X. These
mechanisms were acquired by comparing the dominant
signals of the productions with pertinent experimental data.
For example, the DM in P1 achieved the measured density
by coannihilating with winolike particles. The applicable
restriction to the wino productions came from the search for

the chargino-neutralino associated production, where the
chargino and neutralino decayed into off-shell W and Z
bosons, respectively. The most robust results came from the
analysis in Ref. [124], and they served as the guidelines of
our judgment. We also provided a benchmark point, P6,
located within the blue arc on the |m)(<l)| — my, plane in
Fig. 5, characterized by 230 GeV < \mlfl)| <350 GeV and
300 GeV < m;, <500 GeV. Our simulation indicated that
itis excluded by SR_WZoff_high_njd in SR-4, which was
designed for the tri-lepton signal from the decays of off-
shell W and Z bosons. This point is distinct because both
the wino pair production and the fi; pair production
contribute to this signal, and none of these processes alone
can exclude this point. In addition, the program
SMODELS2.2.1 is also unable to exclude it since it misses
the fi; contribution.

At this stage, we clarify the following points about the

LHC restrictions:

(i) Throughout this study, both the theoretical uncer-
tainties incurred in the simulations and the exper-
imental (systematic and statistic) uncertainties were
not included. Although these effects can relax the
LHC restrictions, it is expected that much stronger
restrictions on the MSSM will be acquired given the
advent of high-luminosity LHC in the near future.

(ii)) We did not include the search for charginos and
neutralinos by the fully hadronic final states of W/Z
and Higgs bosons with 139 fb~! data [180] in this
study. This search rejected large SM backgrounds by
identifying high-p; bosons with large-radius jets
and jet substructure information. Thus, it was more
efficient than the leptonic signal search in Ref. [124]
only when winos were heavier than 600 GeV [180].
This conclusion holds in simplified models of SUSY
but is never applied to this research. The reason is
that the DM must coannihilate with ji; or jip to
achieve the measured density for M, Z 600 GeV
(see the results in Fig. 2), and the winolike particles
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TABLE X. Survival mechanisms for the six benchmark points listed in Tables VII-IX. These mechanisms rely on both the properties
of the points and the experimental search strategies. They are acquired by comparing the dominant signals of the productions with
relevant experimental analyses.

Points

Survival mechanism

Production P1 P2 P3 P4 P5 P6
wWwW I, II [124] I, II [125] 100, IV [122] I IV [122] IV [122] I, 1T [124]
Vagii [, I, IV [124] 11, IV [125] IV [122] II0, IV [122] IV [122] III [124]
fyjig I, I, IV [6] I, I [125] I, II [125] 1V [6] I, I [125] 111 [6]
fipiig I, IV [6] IV [6] IV [6] I, IT [125] I, IT [125] IV [6]
may decay into the slepton first to enhance their results of this study, and consequently, broader
leptonic signal. As a result, it is the leptonic signals parameter spaces could account for the anomaly.
that are more powerful in excluding the SUSY Let us take the wino-dominated DM as an example.
points. This conclusion is the same as that of the It was found that my and p might be as low as
general next-to-minimal supersymmetric Standard 100 GeV and 300 GeV, respectively, without
Model (GNMSSM) studied in Ref. [89]. contradicting the restrictions (see Table 2 of
The latest version of SMODELS, namely SMO- Ref. [103]). In this case, the relic density was
DELS2.2.1 [172], have implemented the cut efficien- around 1074, and the SI DM-nucleon scattering

cies of the hadronic analysis and relevant signal
topologies in its database. We utilized this code to
restrict the green samples in Fig. 1. We did not find
that it had exclusion capabilities.

(iii) In some high-energy SUSY-breaking theories, 7 may
be the NLSP due to its larger Yukawa coupling than
those of the first- and second-generation sleptons. In
this case, heavy sparticles may decay into 7 to
change the e/u signals of this study, and the LHC
restrictions may be relaxed [46]. We will discuss
such a possibility in our future work.

cross section was below 2 x 1077 ¢cm?. The wino-
like 7{ was invisible at the LHC due to its
approximate degeneracy with 79 in mass. The rates
of the di- and trilepton signals from the higgsino-
like electroweakino pair productions were sup-
pressed by the multiple decay possibilities of the
produced particles and thus kept consistent with the
results of the LHC search for SUSY.

(i) As pointed out by the recent lattice simulation of
the BMW collaboration on the hadronic vacuum
polarization (HVP) contribution to a, [31], the
muon g-2 anomaly might arise from the uncertain-

D. Related issues ties in calculating the hadronic contribution to the
We stress the following issues related to this research: moment. If this speculation is corroborated, aEUSY
i) Throughout this study, we assumed that )?(1) was should be much smaller than its currently favored
fully responsible for the measured density. This size, and any of the electroweakinos and fi; r are
assumption determined that the DM is bino-domi- not necessarily light. In this case, the LHC re-
nated and approximately degenerate with winos or strictions will be relaxed significantly. For exam-
sleptons in mass. This has profound implications on ple, we recently updated the results of Ref. [109],
the phenomenology of the MSSM. Relaxing this which only studied the DM physics in GNMSSM,
assumption usually complicates this kind of research by including the recent LZ restrictions. We
and makes the obtained conclusions untenable. The found that the analyses in Table I only excluded
study in Ref. [103] illustrated this point, where the about 4% of the remaining samples in Fig. 2 of
authors replaced the requirement on the DM relic Ref. [109].
density in this work, i.e., 0.096 < Qh? <0.144, (iii) It has been argued that the explanations of the
with Q42 <0.120, and studied the restrictions of anomaly with the MSSM will be tested at future
various experiments, including the DM direct colliders, given that they predict some moderately
detection experiments and the LHC searches for light sparticles, such as M0, MNLSP» and myy sp- For
SUSY, on interpreting the muon g-2 anomaly with example, the authors of Ref. [181] compared the
the MSSM. They concluded that the preferred DM capabilities of different colliders to scrutinize the
candidate might be the higgsino-, wino-, or bino- explanations and presented their results in Fig. 4 for
dominated neutralino. In either case, the restric- the B — W coannihilation case. They found that
tions became significantly weak compared with the although only parts of the preferred parameter
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space could be covered in the high-luminosity
LHC, exhaustive coverage of the parameter space
was possible at a high-energy e®e™ collider with
Vs 2 1 TeV, such as ILC with /s =1 TeV [182]
and CLIC with /s = 1 TeV [183,184]. We realize
that this conclusion is conditionally valid. One
exception corresponds to the case that the central
value of the anomaly is significantly reduced,
introduced in the last item, so that multi-TeV scale
supersymmetric theories are still capable of ac-
counting for the anomaly. Another exception is
the tremendously massive higgsino scenario dis-
cussed in Ref. [85], where all sparticles are heavier
than 1 TeV, and in particular, the higgsino mass is
typically several tens TeV. This situation is remark-
able since it implies that the fine-tuning criteria will
no longer serve as a valuable guideline to build new
physics theories, assuming that a3"5Y ~ 2.0 x 107
is always needed to account for the anomaly,
and simultaneously no SUSY signals are detected
in the future.

IV. SUMMARY

Inspired by the rapid progress of particle physics
experiments in recent years, we studied their impacts
on the MSSM and how the theory kept consistent with
them. We are particularly interested in the recent meas-
urement of the muon ¢-2 at Fermilab, the LHC search
for SUSY, and the DM direct detection by the LZ
experiment since they are sensitive to different parame-
ters and complement each other to provide valuable
information of the MSSM. In surveying the status of
the MSSM, we utilized the MultiNest algorithm to
comprehensively scan its parameter space. We adopted
the muon ¢-2 observable to guide the scans and included
the restrictions from the LHC Higgs data, DM experi-
ments, B-physics measurements, and vacuum stability.
We also examined the samples acquired from the scans
by the restrictions from the LHC search for SUSY and
the latest LZ experiment. The main conclusions of this
research are as follows:

(i) The bino-dominated DM achieves the measured
relic density by coannihilating with winolike elec-
troweakinos, fi;, or jip if one intends the theory to
explain the muon ¢-2 anomaly.

(i) Given the measured DM density, the LZ experiment
alone has required y 2 380 GeV for M; <0 and
u = 600 GeV for M| > 100 GeV. If the restrictions
from the muon g¢-2 anomaly and the LHC experi-
ment are also included, the lower bounds become
about 500 GeV and 630 GeV, respectively, indicat-
ing that the theory needs a tuning of O(1%) to
predict Z-boson mass [118]. Compared with the
restriction from the PandaX-4T experiment on the SI
scattering cross section, these bounds are improved

by about 100 GeV. This situation makes the Z- and
h-mediated resonant annihilations even more
unnatural so that they are usually missed in the
scans by the MULTINEST algorithm. The fundamental
reason of such phenomena is the correlation between
the DM physics and the electroweak symmetry
breaking in the MSSM.

(iii) On the premise of explaining the muon g¢-2
anomaly at the 2¢ level, the LHC restrictions have
set bounds on the sparticle mass spectra: m)??z
210GeV, my. my: 2 235 GeV, my 2 515 GeV,
my 2 525 GeV, my: 2 530 GeV, my, 2 235 GeV,

my; 2 215 GeV, and m;, 2 250 GeV, where 73 and

Hr ~
71 are wino-dominated when they are lighter than
about 500 GeV and mj may be either m;, or my,.
These bounds should be regarded as rough esti-
mates, instead of accurate values, since the samples
studied in this research are far from sufficient given
the broad parameter space of the MSSM. In addition,
these bounds are far beyond the reach of the LEP
experiments in searching for SUSY and have not
been acquired before.

The results can be interpreted as follows: if 7V is
lighter, more missing transverse energy will be
emitted in the sparticle production processes at
the LHC, which can improve the sensitivities of
the experimental analyses; while if the sparticles
other than 79 are lighter, they will be more copiously
produced at the LHC to increase the events con-
taining multiple leptons.

(iv) We illuminate how some parameter spaces of the
MSSM have been tested at the LHC in Table VI. We
also list five scenarios that are consistent with the
LHC restrictions in Table IV and explain why they
can do so by presenting benchmark points in
Tables VII-IX and their survival mechanisms in
Table X.

This work extends the previous studies of the muon g-2
anomaly in the MSSM, in particular those of Refs. [83,84],
by utilizing more sophisticated research strategies and
surveying the LHC restrictions comprehensively. As a
result, the conclusions acquired in this research are more
robust than those in previous works. They exhibit the most
essential characteristics of the MSSM.

Note added. Recently, the E989 experiment at Fermilab
updated its measurement of muon g¢g-2 [185]. The new

world average of aEXP showed a 5.1¢ discrepancy from the
SM prediction acquired by the Muon (g-2) Theory Initiative
in 2020 [10], which used dispersive techniques to extract
the leading-order HVP contribution from e e~ — hadrons
data. The difference is now given by [185]

Aa

=a,® —aM = (249 +4.8)x 1070, (4.1)

u
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Compared with the previous result in 2021 [9], the central
value of Aa, changes slightly, while its uncertainty is
significantly reduced. We required the MSSM to explain
the updated discrepancy at the 26 and 3¢ levels, respec-
tively, and repeated the analyses of this work. We found the
main conclusions of this study unchanged.
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