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Electron and muon anomalous magnetic moments in the Z;-NMSSM
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Inspired by the recent measurements of the muon and electron anomalous magnetic moments, the rapid
progress of the LHC search for supersymmetry, and the significantly improved sensitivities of dark matter
direct detection experiments, we studied the supersymmetric contribution to the electron g — 2, a5USY, in
the Next-to-Minimal Supersymmetric Standard Model with a discrete Z; symmetry. We concluded that
a3"SY was mainly correlated with a;"SY by the formula a$VSY /m2 ~ a3%SY /mZ, and significant violations

e
of this correlation might occur only in rare cases. As a result, a5USY was typically around 5 x 1074 when

aﬁUSY ~ 2.5 x 107°. We also concluded that the dark matter direct detection and LHC experiments played
crucial roles in determining the maximum reach of a5YSY. Concretely, a3USY might be around 3 x 10713
in the optimum cases if one used the XENON-1T experiment to limit the supersymmetry parameter

space. This prediction, however, was reduced to 1.5 x 10713 after implementing the LZ restrictions and

1.0 x 10713 when further considering the LHC restrictions.

DOI: 10.1103/PhysRevD.108.035043

I. INTRODUCTION

The anomalous magnetic moment of leptons, a;,=g; —2,
is one of the most accurate measurements in particle
physics. In 2021, the E989 experiment at Fermilab
published its first result of the muon anomalous magnetic
moment [1], which was consistent with the previous
measurement of the Brookhaven National Laboratory
(BNL) ES821 experiment [2,3]. The combined result
revealed a 4.2¢ deviation from the prediction of the
Standard Model (SM) [4-23]:

Aa,=a;® —aiM = (25.1£59) x 1071°,  (1.1)

=

if the recent lattice calculations of the hadron vacuum
polarization (HVP) were ignored [24—26].1 Remarkably,
the uncertainty in Aa, will significantly reduce in the
coming times when more experimental data from ongoing
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lRoughly speaking, these calculations can mitigate the dis-
crepancy [3]. However, they are in tensions with the HVP
contribution extracted from the e*e™ data and the global fit of
the precision electroweak observations [27-30].
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experiments at Fermilab [31] and future experiments at
JPARC [32] are available. As a result, a more than Sc
deviation may be achieved if the central values of 3™ and
a;:"p remain unchanged, which will serve as a robust
evidence of new physics beyond the SM (BSM). In
addition, the measurement of the fine structure constant
by the Laboratoire Kastler Brossel (LKB) using 8’Rb atoms
[33] concluded a positive difference of 1.60 between the
experimental measurement and the SM prediction of
electron anomalous magnetic moment [34]:

AaR® = a0 — SM — (4.8 £3.0) x 10713, (1.2)
while that by the Lawrence Berkeley National Laboratory
(LBNL) using the '3*Cs atom obtained a negative difference
of 2.4¢ [35]:

AaSs = ag™® — g™ = (—8.7£3.6) x 10713, (1.3)
Although the two results differ by more than 5¢ for still
unknown reasons [33], they all indicate a sizable deviation
from aM and thus, like the muon g — 2 anomaly, hint at the
BSM physics’ existence.

To date, the muon g — 2 anomaly has been intensively
studied, which was recently reviewed in Refs. [3,36]. In
contrast, only a few unified explanations of the electron
and muon anomalies were investigated in the extensions
of the SM with SU(2), singlet or doublet Higgs bosons
[37-59], vectorlike fermions [60-70], leptoquarks [71-74],
different seesaw mechanisms [75-80], and new gauge
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symmetries [81-89], respectively, and their supersymmet-
ric versions [90-103]. The anomalies were also studied in
the effective Lagrangian framework [104]. These works
revealed that explaining the two anomalies together in the
same new physical model was challenging if there were no
flavor mixings in the lepton part. This is because the BSM
contribution to the lepton anomalous magnetic moment
can be decomposed as the square of the lepton mass
multiplied by the factor R, in the flavor conserving case.
Equations (1.1)—(1.3) then indicate that R, for electron and
muon are

A Rb
RRO =29 — 185 % 1076 GeV2, (1.4)
me
A Cs
RG==% = 334%10° GeV2,  (L.5)
mé
A
R, =" =225 x 1077 GeV~2, (1.6)
ny

respectively. Since |R,| is at least 7 times larger than R,
it is difficult to explain the two anomalies by a common
physical origin. In the following, we concentrate on AaR®
instead of AaS* in seeking the common origin due to
the following two considerations. One is that given
|AaS| > AaR®, explaining the '3C; result prefers lighter
new particles, which contribute to the electron moment,
and/or more robust couplings of these particles to an
electron in comparison with explaining the ¥R, result.
Consequently, the Cesium explanation is more tightly
limited by current experiments. The other is that Aa,
and Aa,, are usually of the same sign if they have a similar
physical origin. Given Aa, ~25.1 x 107!, it is hard to
predict a negative Aa,.

Among the new physics theories that can provide a
consistent description of the leptonic anomalies, the min-
imal realizations of supersymmetry (SUSY) are most
attractive due to their elegant theoretical structure and
capabilities of naturally solving many problems of the
SM, such as the hierarchy problem, the unification of the
three forces, and the mystery of dark matter (DM) [105-110].
Studies of the muon g — 2 anomaly have revealed that Aq,
can be totally contributed to by smuon-neutralino and
sneutrino-chargino loops [96-98,103,111-162]. Since
these contributions contain a chiral enhancement factor
tan 3, the involved sleptons and electroweakinos may be
sufficiently heavy to coincide with the LHC search for
SUSY [162]. Joint interpretations of both anomalies were
recently discussed in the Minimal Supersymmetric
Standard Model (MSSM) [91,93,96,97,99]. It was found
that even without the flavor violation, the theory could
explain the anomalies at 1o level by adjusting the magni-
tudes of the bino-slepton and chargino-sneutrino contribu-
tions for the electron and muon sectors [91]. The favored

parameter space was characterized by the selectrons and
winolike electroweakinos lighter than about 200 GeV and
the higgsinos heavier than about 1 TeV. These regions,
however, have been excluded by the LHC search for SUSY
according to our detailed Monte Carlo simulations [162].
Furthermore, given the general flavor structure of SUSY-
breaking terms, the contribution of large nonuniversal
trilinear A-terms could give the correct effect in principle
[60,93,101]. Unfortunately, it seemed challenging to imple-
ment such anarchic A-terms with the SUSY-breaking
mechanism while respecting all other flavor constraints
[60]. These conclusions motivate us to conduct a more
comprehensive study of the anomalies in the minimal
realizations and explore as many possibilities of the
theories as possible.

Notably, the direct detections of DM by the LUX-
ZEPLIN (LZ) experiment [163] and the LHC search for
SUSY [164-181] have required the higgsino mass in the
MSSM to be significantly higher than the electroweak
scale, namely, 4 2 500 GeV, in explaining the muon g — 2
anomaly at the 20 level [162]. Although such a large x may
be generated by the well-known Giudice-Masiero mecha-
nism in the gravity-mediated SUSY breaking scenario
[182], it usually induces severe fine-tuning problems in
the light of the LHC Higgs discovery and the absence of
any SUSY discovery when the theory runs down from
an infrared high energy scale to the electroweak scale
[183—185]. Given the unnaturalness of the MSSM, we
focus on the low energy Next-to-Minimal Supersymmetric
Standard Model with a discrete Z3; symmetry (Z3-
NMSSM), which is another economic realization of
SUSY [186,187], to study the two anomalies. This model
extends the MSSM with a singlet superfield S to dynami-
cally generate the u-parameter of the MSSM after the scalar
component field of S develops a vacuum expectation value
(vev) of O(1 TeV). Consequently, this theory is self-
contained at the electroweak scale and owns much richer
phenomenology than the MSSM as indicated by, e.g.,
Ref. [188-192]. As a preliminary study on this subject in
the Z3;-NMSSM, we assume no flavor violation in the
lepton sector to simplify this work.

In our previous work [159], we investigated the impacts
of the muon ¢g—2 anomaly on the Z;-NMSSM by
including the restrictions from the DM relic density
[193], the direct detection of DM by the XENON-1T
experiments [194,195], and the LHC search for SUSY
[164-181]. We found that neither overly heavy super-
symmetric particles nor moderately light sparticles were
favored to explain the muon anomaly. In particular, we first
obtained lower bounds on some SUSY parameters from
those experimental restrictions, e.g., |M;| =275 GeV,
M, 2300 GeV, uz 460 GeV, m; 2310 GeV, and
mg, 2 350 GeV, where M| and M, denoted the gaugino
masses defined at the renormalization scale of 1 TeV and

my, and m; were the masses of the muon-type sletpons
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with L and R denoting their dominant chiral components,
respectively. We also concluded by calculating the
Bayesian evidence that the preferred DM candidate was
the bino-dominated lightest neutralino rather than the
singlino-dominated neutralino. It mainly coannihilated
with the wino-dominated electroweakinos or the muon-
type sleptons to obtain the measured density. In this work,
we improve the previous study by freely varying the masses
of the electron-type sleptons to predict a sizable aSUSY,
which represents the SUSY contribution to a,, and sub-
sequently restricting the theory with the latest experimental
results. We find that the LZ experiment and the LHC search
for SUSY are complementary to each other in limiting the
parameter space. The restrictions are so tight that they
reduce a>USY from 3 x 10713 to at most 1 x 10~!3 when
az"Y is fixed at 2.5 x 107°. We also find some subtleties
about the results of the previous study after comparing
them with those of this work.

This work is organized as follows. In Sec. II, we briefly
recapitulated the dominant contributions to the lepton g — 2
in the Z3-NMSSM and the status of the LHC search for
SUSY. We studied the impacts of the leptonic anomalies on
the Z3-NMSSM in Sec. Il and compared them with those
of Ref. [159], where we only considered the muon g — 2
anomaly. After including relevant experimental constraints,
we also presented the theory’s electron and muon g — 2
prediction. We summarized the conclusions in Sec. IV.

II. THEORETICAL PRELIMINARIES

A. Basics of the Z3;-NMSSM

The Z;-NMSSM contains one extra singlet Higgs super-
field S besides the usual two Higgs doublets, A, and H ;, of
the MSSM. Consequently, the associated superpotential
J

2u(A; +kvg) 1 .
M5, = T sin2p 2 (2m7 — A*v?)sin®2f,
1
M3 3 = ———=(AA; + 2ku)v cos 23,
5,13 \ﬁ( Y ) p
v
M2, = —[4du — (A, + 2ku) sin 24,
523 \/5[ 1= (A4, ) sin 23]
AA,sin2 1
M5 = ,1:111 ﬂ/1112+KAKUs +4(Kvs)2—§/121)2.
' M

Then the mixings of the fields Hysm, Hsm, and Re(S)
result in three CP-even mass eigenstates denoted by h;
with i = 1, 2, 3 and satisfying m;,, < m,,, < my, . Similarly,
the mixing of Aygy and Im(S) leads to two CP-odd
states A; with j =1, 2 and satisfying m, < m,,. The
model also predicts a pair of charged Higgs bosons
H* = cos fHE + sinpH=. In this study, the lightest
CP-even Higgs boson /1, instead of the next-lightest Higgs

and soft SUSY breaking lagrangian of the Z;-NMSSM are
given by [186,187]

PN A 1 .
Wxmssm = Waissm + ASH, - Hy + §K53,
1
- ['soft = AAASHM ! Hd + §A,<KS3 + H.c.

(2.1)

+mdy [H P+ my |Hg? + m3[SP 4 (22)

The Wyssm is the MSSM superpotential without the
u-term, A and x are dimensionless coefficients that para-
metrize the strength of Higgs self couplings, H,,, H;, and S
are the scalar parts of the superfields H s H 4> and S,
respectively, and the dimensional quantities m%, m%,d, m3,
A,, and A, are soft-breaking parameters. After the electro-
weak symmetry breaking, the fields H,,, H;, and S acquire

the vevs v,/v/2, vy/V/2, and v,/\/2, respectively, with
v =/v2 + v% = 246 GeV, and the interaction ASH,, - H,

generates an effective u-term with u = Av,/v/2. If the
three vevs replace my; , mj; , my as theoretical inputs by
the minimization conditions of the Higgs potential,
the free parameters in the Higgs sector can be taken as

follows [186]:

A Kk, Ay, A ou, tanf=v,/ /v, (2.3)

In the field convention that Hgy = sinfRe(HY) +
cos fRe(HY), Hysy = cos fRe(HY) — sin fRe(HY), and
Ansm = cos flm(HY) — sin flm(HY), the elements of the
CP-even Higgs boson mass matrix /\/l_% in the bases [Hyswm»
Hgy, Re(S)] are read as

1
M3, = —Z(2m% — 2%1?) sin4p,

1
M5 ,, = micos*2f3 + 5/12vzsin22ﬂ,

(2.4)

|
boson #h,, is often treated as the LHC-discovered Higgs
boson, denoted as 4 in this work, since the Bayesian
evidence of the h;-scenario is much larger than that of the
h,-scenario after considering the Higgs data collected at
the LHC [159].

The electroweakino sector comprises bino (B), wino
(W), higgsino (H, and H ), and singlino (S) fields. Their
mixings lead to five neutralinos )Z? with i =1,2,...,5,
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arranged in ascending mass order, and two charginos )Zf

with j =1, 2 and satisfying Mye < M= [186]. Their
masses and mixings are determined by the parameters
M, M,, A, k, tan f3, and p, where the last four parameters

also appear in the Higgs mass matrices.

B. Leptonic g —2 in the Z;-NMSSM

The SUSY effects on the lepton anomalous magnetic
moment a, (£ = e, u) arise from the loops containing a
chargino and a sneutrino and those mediated by a neu-
tralino and a slepton [111,112]. The one-loop expressions
of a, are [112]

SUSY a){ + a); v
Z{ Tz (7l )Y )
e N
+3mf Re( lkntk)F2 (xik) ’
k

at ~

ay " = 167:22{12 > (|C * + B2 FS (x;)

2y L R\pC
—|—3m%’ Re(cjcj VF5 (xj)},

Ve

where i =1,...,5, j=1, 2, and k=1, 2 refer to the
neutralino, chargino, and slepton indices, respectively. The
involved couplings are given by

1 * *
i =—=(nNo+ gN)Xi =Y NaXG, ch=—-gV),

N

nR = V29, Ny X5+ Y NXs,, R

i =YeUp,

(2.5)
where N, X, and U and V are the rotation matrices of the
neutralinos, the sleptons, and the charginos, respectively
[186]. The kinematic loop functions F;(x) take the follow-
ing forms:

2
F( )—(1_ )4(1—6x+3x2+2x3—6x2 In x),
FY(x) = i —x)3(1 —x% 4+ 2x In x),
C 2 2 3
F () ﬁ(2+3x—6)€ +x +6X1nx),
—x
C 3 2
F5(x) :—m(3—4x+x +2 In x), (2.6)
with x,-kzm;?/m% and szm%/m%f, and they sat-

isfy F;(1) = L.
It is instructive to understand the behavior of a}
the mass insertion approximation [113]. In this method, the

SUSY by

SUSY contributions to a, are classified into four types:
“WHL”, “BHL”, “BHR,” and “BLR,” where W, B, H, L,
and R stand for wino, bino, higgsino, left-handed slepton or
sneutrino, and right-handed slepton fields, respectively.
They arise from the Feynman diagrams involving W — H,
B—HY, B— HY, and 7, — 7, transitions, respectively, and
have the following form [113,115,116]:

2
susy _ G mzMjutan

aKWHL*SH Mét,
4
x {2f ﬁ”_z _Mﬁff ﬁi
“\MZ M2 ML N ML ML) [
L L L
(2.7)
susy @y miMiutanf M2 P
onit =gy I\ ouz) Y
L L L
LSUSY ﬂm%M,ytanﬁ y ﬁ u_z (2.9)
ZBHR ™ 4n Mi;, M;’M;
R R
M2 M~
SUSY _@m;Mllutanﬂ 4 ’r (2 10)
af,BLR _4” M‘]‘ fN M% ) M% .

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

_S5-3(x+y) +xy 2Inx
el =G - Gy 17
2Iny
ECE D .
_ 3+x+y+xy 2xInx
I = -1 T = -1
2ylny
S 212

and they have the property that fo(1,1)=1/2 and
Fu(1,1)=1/6.

The following properties of a3USY should be noted:

(1) If all the dimensional SUSY parameters involved in
a3YSY take a common value Msysy, as?SY is pro-
portional to m? tan #/ M% sy - In this case, a5USY and

a;3USY are correlated by aSVSY /a39SY = m2/m?, and

SUSY— (25.1,25.1-5.9,25.1 =2 x 5.9) x 1071°
corresponds to aSUSY = (5.85,4.47,3.10) x 1074,
respectively. This conclusion reflects that the elec-
tron g —2 anomaly prefers a much lower SUSY
scale than the muon g — 2 anomaly.
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(i)

(iii)

(iv)

™)

(vi)

TABLE L

The “WHL” contribution in each a5SY is usually
much larger than the other contributions if Z; is not
significantly heavier than 7y [146].

The four types of contributions have different
dependence on the parameter y. Specifically, a3}
is proportional to the higgsino mass y, while the others
contain both a preactor of ; and a loop function that
tends to be zero as y approaches infinity. We observe
that the “WHL” contribution monotonically decreases
with increasing u for several typical cases of particle
mass spectra. By contrast, the “BHL” and “BHR”
contributions increase when  is significantly smaller
than the slepton masses and decrease if 4 is larger than
the slepton masses.

Since the singlino field appears in the “WHL,*
“BHL,” and “BHR” loops by two-time insertions,
its contribution to a3YSY is never prominent, con-
sidering 4 < 0.3 for most cases in this study. There-
fore, a3"SY in the Z;-NMSSM is almost equal to
that in the MSSM.

The difference of a5USY calculated by the mass
insertion approximation and the full expression,
respectively, is less than 3%. We verified this point
by studying the samples acquired by the following
parameter scan.

The two-loop (2L) contributions to a3"SY, including
2L corrections to the SM one-loop diagrams and
those to the SUSY one-loop diagrams [117], are

about —5% of the one-loop prediction [161]. They
were neglected in this study.

C. LHC search for SUSY

To explain the electron and muon g — 2 anomalies in the
Z3-NMSSM simultaneously, both the electroweakinos
and the first two-generation sleptons must be moderately
light. The LHC experiments have strongly limited such a
situation by searching for the multilepton plus missing
momentum signal. We present pertinent experimental
analyses in Tables I and II. Notably, the following ones
play a crucial role in restricting the situation:

(i) CMS-8SUS-20-001 [166]: Search for the
SUSY signal containing two oppositely charged
same-flavor leptons and missing transverse mo-
mentum. This analysis investigated not only the
squark and gluino productions but also the elec-
troweakino and slepton productions. The lepton
arose from an on-shell or off-shell Z boson in the
decay chain or from the direct decay of the
produced sleptons. The wino-dominated chargino
and neutralino were explored up to 750 GeV and
800 GeV, respectively, in mass by the electro-
weakino pair production processes, while the first
two-generation sleptons were explored up to a
mass of 700 GeV by the slepton pair production
processes, assuming the sleptons were degenerate
in mass.

Experimental analyses of the electroweakino production processes at the 13 TeV LHC, categorized by the topologies of the

SUSY signals. They were utilized to limit the parameter points of this study.

Scenario Final State Name
P7E - WZRAR nt(n>2)+nj(n > 0)+ Eps CMS-SUS-20-001 (137 fb~") [166]
ATLAS-2106-01676 139 fb') [165]
CMS-SUS-17-004 (35.9 fb~1) [167]
CMS-SUS-16-039 (35.9 fb~1) [168]
ATLAS-1803-02762 (36.1 fb~1) [169]
ATLAS-1806-02293 (36.1 fb~1) [170]
Bt — tot? nt(n = 3) + Emiss CMS-SUS-16-039 (35.9 fb~1) [168]
ATLAS-1803-02762 (36.1 fb~!) [169]
Bt — wed 26 + 1o+ B CMS-SUS-16-039 (35.9 fb™') [168]
DT = it 37 + Biss CMS-SUS-16-039 (35.9 tb~!) [168]
0 = Whilid nt(n > 1)+ nb(n>0)+ nj(n>0) +EMSs  ATLAS-1909-09226 (139 fb~") [171]
CMS-SUS-17-004 (35.9 fb~1) [167]
CMS-SUS-16-039 (35.9 fb~1)[168]
ATLAS-1812-09432 (36.1 fb~1) [172]
CMS-SUS-16-034 (35.9 fb~1) [173]
CMS-SUS-16-045 (35.9 fb~') [174]
T - wwan 2¢ + Bpiss ATLAS-1908-08215 (139 fb~!) [164]

CMS-SUS-17-010 (35.9 fb~1) [175]

(Table continued)
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TABLE 1. (Continued)

Scenario

Final State Name

FTt = 20u(0t)
T = W ZWAR.7 = v/ 2G
W - WWRRA - v/ 26

BT = ZWRRA 7 = h/2G
wn > WWAR A - h/2G
B =z 7 - h/2G
20— WA~ h/ZG

BT = AR+ oot — ZZ/HG G

SR SV IR SV

ATLAS-1908-08215 (139 fb™!) [164]

26 + B
CMS-SUS-17-010 (35.9 fb~') [175]

2y +nf(n > 0) + nb(n > 0) + nj(n > 0) + EMS ATLAS-1802-03158 (36.1 fb~') [176]

né(n > 4) + Eqiss ATLAS-2103-11684 (139 fb~!) [177]

CMS-SUS-16-039 (35.9 fb~1) [168]
CMS-SUS-17-004 (35.9 fb~1) [167]
CMS-SUS-20-001 (137 fb~!) [166]

CMS-SUS-16-039 (35.9 fb~1) [168]
CMS-SUS-17-004 (35.9 fb~1) [167]
ATLAS-2106-01676 (139 fb~!) [165]

né(n >2) +nb(n>0)+nj(n>0)+ ERs

3¢ + Epis

27 + nj(n > 0) + Efpiss ATLAS-1911-12606 (139 fb!) [178]
ATLAS-1712-08119 (36.1 fb~1) [179]

CMS-SUS-16-048 (35.9 fb~1) [180]

ATLAS-1911-12606 (139 fb~") [178]
ATLAS-1712-08119 (36.1 fb~!) [179]
CMS-SUS-16-048 (35.9 fb~1) [180]

2¢ + nj(n > 0) + Emiss

(ii) CMS-SUS-16-039 and

CMS-SUS-17-004

on-shell WZ, off-shell WZ, and Wh categories in

[167,168]: Search for the electro-weakino pro-
ductions by the final state containing two, three, or
four leptons and missing transverse momentum
(Emiss). The analyses included all possible final states
and defined several categories by the number of
leptons in the event, their flavor and charges to
improve the discovery potential. In the context of
the simplified model of SUSY, the observed limit on

the wino-dominated My in the chargino-neutralino

production was 650 GeV for the WZ topology,
480 GeV for the WH topology, and 535 GeV for
the mixed topology. Remarkably, these analyses
studied only 35.9 fb~! data collected at the Run-II
phase of the LHC.

(ili) ATLAS-2106-01676 [165]: Search for the sig-

nals of the wino- and higgsino-dominated chargino-
neutralino associated productions. It investigated

the decay chain and concentrated on the final state
containing exactly three leptons, possible ISR jets,
and Es*, The exclusion bound of mz was 640 GeV

for a massless ;Z? in the wino scenario of the
simplified model. It was weakened as the mass
difference between 7 and 7V reduced. Specifically,

79 should be heavier than 500 GeV for My =

300 GeV (the on-shell W/Z case), 300 GeV for a
positive m and 35 GeV < My = My <90 GeV
(the off-shell W/Z case), and 220 GeV when Mo

is positive and Mg — My = 15 GeV (the extreme

off-shell W/Z case). By contrast, 75 was excluded
only up to a mass of 210 GeV in the off-shell W/Z
case of the higgsino scenario, occurring when my =

7
myp = 10 GeV or My — Mo > 35 GeV.

TABLE II. Same as Table I, but for the slepton production processes.

Scenario Final State

Name

2l — ey 20 + B

ATLAS-1911-12606 (139 fb~1) [178]
ATLAS-1712-08119 (36.1 fb~1)[179]
ATLAS-1908-08215 (139 fb—1)[164]
CMS-SUS-20-001 (137 fb~!) [166]
ATLAS-1803-02762 (36.1 fb~1)[169]
CMS-8SUS-17-009 (35.9 fb~1)[181]
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(iv) ATLAS-1911-12606 [178]: Search for the
electroweakino pair productions and the slepton pair
productions by two leptons and missing transverse
momentum in the final state. This analysis concen-
trated on the scenario of compressed mass spectra
and projected its results onto Am — 7 plane, where

Am = My — My for the electroweakino production.

It was found that the tightest bounds on the
higgsino- and wino-dominated ;2(2) were 193 GeV
in mass for Am ~ 9.3 GeV and 240 GeV in mass for
Am ~7 GeV, respectively. Similar lower mass limit
on degenerate light-flavor sleptons was 250 GeV

for Am;z M= My = 10 GeV.

III. NUMERICAL RESULTS

This work used the package SARAH 4.14.3 [196-199] to
build the model file of the Z;-NMSSM, the codes SPHENO
4.0.4 [200,201] and FLAVORKIT [202] to generate particle
mass spectra and calculate low energy observables such as
as%SY and B-physics measurements, and the package
MicrOMEGAs 5.0.4 [203-208] to compute DM observables,
assuming the lightest neutralino as the sole DM candidate
in the universe. Bounds from the direct search for extra
Higgs bosons at LEP, Tevatron, and LHC and the fit of
Higgs property to pertinent experimental data were imple-
mented by the codes HiggsBounds5.3.2 [209-212] and
HiggsSignal 2.2.3 [213-216], respectively.

A. Research strategy

In our previous work [159], we performed two inde-
pendent scans of the parameter space in the Z;-NMSSM

to reveal the salient features of a5USY, using the MultiNest

algorithm [217] with the setting n;;,, = 8000. In the first
one, we fixed A; = 2 TeV and varied the parameters in the

TABLE III. The parameter space explored in this study, where
M; and M; with £ = e, p denote the soft-breaking mass of
the left- and right-handed slepton fields, respectively. The soft
trilinear coefficients for the third-generation squarks, represented
by A, and A;, were assumed equal. The gluino mass was fixed at
M5 = 3 TeV. The other dimensional SUSY parameters were not
crucial, and they took a shared value of 2 TeV in this study,
including A; and the unmentioned soft-breaking parameters in
the squark and slepton sectors. All the input parameters were
defined at the renormalization scale Q = 1 TeV.

Parameter Prior Range Parameter  Prior Range

A Flat 0.01-0.7 K Flat -0.7-0.7
tan Flat 1.0-60.0  A,/TeV Flat -5.0-5.0
u/TeV Log 0.1-1.0 A./TeV ~ Flat -1.0-1.0
M,/ TeV Flat -15~15 M,/TeV  Log 0.1-1.5
M;, /TeV  Log 0.1-1.0 M, /TeV  Log 0.1-1.0
M; /TeV  Log 0.1-1.0 M, /TeV  Log 0.1-1.0

sectors of muon-type sleptons, electroweakinos, and Higgs
bosons. The second scan was similar to the first one, except
that we also varied A,. The results of these scans were
identical in many aspects, indicating that the involved
physics was insensitive to A, or, equivalently, the mass
of the heavy doublet Higgs bosons, my,, defined by
m3 = 2u(A; + 2xv,)/ sin 2. This study updated the first
scan by varying the parameters in both the electron- and
muon-type slepton sectors since we would explore the
combined effects of Aa, and Aa, on the theory. We
presented the details of the surveyed parameter space in
Table III, and correspondingly, used the following like-
lihood function to guide the scan,

L= ‘CRes X ,Casusv X ,CaEUSY

1 (aSUsY —2.51 x 1079\ 2
= Lres X Xpy =3 50x10°10

aSUSY — 4.8 x 10713\ 2
(i) |}

where Ly, represented the restrictions of pertinent experi-
ments on the theory: Lr,, = 1 by our definition if the
limitations are satisfied, and otherwise, Lg., = Exp[—100].
These limitations include:

(i) DM relic density, 0.096 < Qh* < 0.144. We took
the central value of QA = 0.120 from the Planck-
2018 data [193] and assumed a theoretical uncer-
tainty of 20% in the density calculation.

(ii)) DM direct detection bound from the XENON-1T
experiments [194,195] on both the spin-independent
(SI) DM-nucleon scattering cross-section, ¢!, and the
spin-dependent (SD) neutron-nucleon cross-section,
6>P. The DM indirect detections from the observation
of dwarf galaxies by the Fermi-LAT collaboration
were not included since they had no restrictions on the
theory when |m}??| > 100 GeV [218].

(iii) Higgs data fit. Given that one of the CP-even Higgs
bosons corresponded to the LHC-discovered Higgs
boson, its properties should coincide with the
Higgs measurements by ATLAS and CMS collab-
orations at the 95% confidence level. A p-value
larger than 0.05 is essential, which was tested by the
code HiggsSignal 2.2.3 [213-216].

(iv) Direct search for extra Higgs bosons at LEP,
Tevatron and LHC. This requirement was examined
by the code HiggsBounds5.3.2 [209-212].

(v) B-physics measurements. The branching ratios of
B, > utu~ and B — X,y should be consistent
with their experimental measurements at the 2¢
level [219].

(vi) Vacuum stability. The vacuum state of the scalar
potential comprising the Higgs fields and the first
two-generation slepton fields should be either stable
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or long-lived. This condition was tested by the code
VEVACIOUS [220].

In the following, we were particularly interested in the
samples obtained by the scan that predicted aSUSY > 0,
explained the muon g—2 anomaly at the 2¢ level, and
meanwhile, coincided with all the restrictions. We decided
whether they pass the restrictions from the LHC search for
SUSY in Tables I and II by simulating the following
processes with the Monte Carlo (MC) method:

pp = 17T, i=2,3,4,5; ji=12

pp =ik =12

pp = ZiZ%i. j=2.3.45

pp_)g?gj’ i,j=L,R, pp = Ui (3.1)

Specifically, we calculated their cross-sections at /s =
13 TeV by the package PROSPINO2 [221] to the next-to
leading order. To save computation time, we initially used
the program SMODELS 2.1.1, which encoded various event-
selection efficiencies by the topologies of SUSY signals
[222], to exclude these samples. Given that this program’s
capability to implement the LHC restrictions was limited
by its database and strict working prerequisites, we further
surveyed the remaining samples by simulating the analyses
in Tables I and II. We accomplished this task by following
steps: we first generated 60000 and 40000 events for the
electroweakino and slepton production processes, respec-
tively, by the package MadGraph_aMC@NLO [223,224], then
finished the parton shower and hadronization by the
program PYTHIAS [225], and finally fed the resulting
event files into the package CHECKMATE2.0.29 [226-228],
which incorporated the program DELPHES for detector
simulation [229], to calculate the R-value defined by R =

max{S,/$?3, .} (S; denotes the simulated event number of

the ith SR in the analyses of Tables I and II, and S$%

i,obs
represents its corresponding 95% confidence level upper

limit). Evidently, without considering the involved exper-
imental and theoretical uncertainties, R > 1 implied that
the studied parameter point was excluded due to its
inconsistency with the LHC results [230]. Otherwise, it
was experimentally allowed.

We emphasize that this study is a continuation of
Ref. [159], which included the XENON-1T restrictions
and only studied the influence of the muon g — 2 anomaly
on the Z;-NMSSM. We first used the XENON-1T results
instead of the latest LZ results to limit the parameter space
of the theory in Sec. III B. The purpose was to clarify the
impacts of the electron anomaly alone by comparing this
study’s results with those of Ref. [159]. Subsequently, we
focused on the subset of the samples which further satisfy
the LZ limits. We performed an analogous analysis in
Sec. I C, i.e., we compared the acquired conclusions with
those obtained from the samples surviving the XENON-1T

limits to illustrate the effects of the LZ experiment. These
operations allowed us to separately investigate the
influences of the electron g — 2 anomaly, the LZ experi-
ment, and the LHC search for SUSY on the Z;-NMSSM
and presented their features in order. It is beneficial to
demonstrate the underlying physics.

B. Impacts of Aa, on the Z;-NMSSM

As we introduced before, the research strategy of this
study is the same as that of our previous work on the muon
g—2 anomaly in Ref. [159], except that we additionally
included the electron g—2 anomaly in the likelihood
function and correspondingly, we varied the parameters
M;, and M;,. Consequently, the two studies share many
features in their results, which are summarized as follows:

(i) The DM candidate and the LHC-discovered
Higgs boson are identified as the bino-dominated
lightest neutralino and the lightest CP-even
Higgs boson, respectively, in most cases. The
Bayesian evidence of different scenarios testified
to this conclusion [159].

(i1) The DM candidate ;Z? achieves the measured relic
density by co-annihilating with the winolike electro-
weakinos or the sleptons. Because the electrowea-
kinos comprise two particles, namely 75 and fi,
with approximately degenerate masses, and both of
them have stronger interactions with the SM par-
ticles in comparison with the sleptons, the former
mechanism can acquire the measured density by
broader mass splittings between 79 and its coanni-
hilation partners than the latter annihilation [231].
As a result, the former mechanism more readily
works [159]. By contrast, the Z and Higgs resonant
annihilations are disfavored experimentally and
theoretically in obtaining the density [162]. We will
discuss this issue later.

(iii) Since a negative M can suppress the DM-nucleon
SI scattering cross-section by canceling different
contributions, most samples yielded by the scan
predict M; < 0 [159]. In addition, the XENON-IT
experiments alone require u 2 300 GeV, given the
measured density [162].

@iv) ;Z? must be lighter than 620 GeV to explain the
(9 —2), anomaly at the 20 level. With the increase

of |mf? , the maximum reach of u, m; , and m;,

A
decreases monotonously. This trend is more sig-

nificant for y and my; than for m; [159]. The

fundamental reason comes from the facts that the
Z5-NMSSM is a decoupled theory in the heavy
sparticle limitand a;;">Y is more sensitive to 4 and m;;,
than to mg; . m; and m;, show similar behaviors

when fixing a3YSY at a positively sizable value.
(v) Since explaining the muon g —2 anomaly needs

more than one sparticle to be moderately light, the
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FIG. 1. Projection of the samples yielded by the first scan of Ref. [159] and the scan of this work onto the |ml«13\ —my planes, which
are shown in the left and right panels, respectively. The gray dots denote the samples that survive all the restrictions listed in the text, in
particular those from the DM experiments. The blue stars represent the parameter points that further explain the muon g — 2 anomaly at
the 26 level. They also predict aSUSY > 0 in the right panel. The red triangles are part of the blue stars which coincide with the results of
the LHC search for SUSY. Note that the left panel only considered the impacts of the muon g — 2 anomaly on the Z;-NMSSM, which
was realized in the scan of Ref. [159] by varying M, and M while fixing M; = M;, =1 TeV. By contrast, the right panel
demonstrated the combined effects of the muon and electron g — 2 anomalies on the theory, as described by the research strategy in
Sec. III A. Although the left panel has been studied in Ref. [159], we provide it here to make the differences induced by adding the
electron anomaly into the likelihood function distinct and deepen the researcher’s impression of the effects of the electron anomaly.

restrictions from the LHC search for SUSY on the is approximately the same as that of the MSSM. This
Z3-NMSSM are tight. As a result, the involved conclusion was recently testified to by an elaborate
sparticles must be relatively heavy to coincide with study of the MSSM in Ref. [162].
the experimental results, e.g., |m;?‘1’| = 275 GeV, (vii) Since some of the involved sparticles cannot be
Mg > 300 GeV, and mg, > 310 GeV, as obtained hefty, e.g., ;Z? and ;Zf should be lighter than
in Ref. [159]. The primary reasons are as follows: if )?(1) 700 GeV, future colliders, such as the International
is lighter, more missing momentum will be emitted in Linear Collider with /s = 1 TeV [232], can explore
the sparticle production processes at the LHC, which different SUSY explanations of the anomalies [233].
can improve the sensitivities of the experimental Despite these similarities, there are two significant
analyses; if the sparticles other than 70 are lighter, ~ differences of the results, which include .
they will be copiously produced at the LHC to (1) The posterior distributions of the samples yielded by
increase the events containing the multiple leptons. the scans. To illustrate this point, we projected the
In addition, there are two cases that the LHC SUSY parameter points acquired in the first scan of
restrictions are extreme [159,162]. One is character- Ref. [159] and those caught in this study onto the
ized by tan 8 < 20, where winos, higgsinos, and left- [mg| — myg. planes to obtain the left and right panels
handed dominant smuon are all lighter than 500 GeV of Fig. 1, respectively. The left panel indicates that
to explain the muon g — 2 anomaly at the 26 level. The nearly all the samples predicting | mfﬁ’l > 250 GeV

other is characterized by predicting a /i; lighter than
winos and/or higgsinos, where the heavy electro-
weakinos may decay into /i; first and thus enhance the
leptonic signal of the electroweakino pair production
processes (compared with the very massive ji; case).

We found that the signal regions of more than three
leptons in CMS-SUS-16-039 and more than 200 GeV

acquire the measured density by coannihilating with
the winolike electroweakinos. By contrast, the right
panel shows that a sizable portion of such points can
achieve the measured density by coannihilating with
either the electron-type or muon-type sleptons. In
addition, only sparse samples predict 100 GeV <

of % in CMS-SUS-20-001 played a crucial role in |mﬂ)| <250 GeV in the left panel, while these sam-
excluding the parameter space [159]. We presented ples are numerous in the right board. The primary
more details of the LHC restrictions in Ref. [162]. reason for these distinctions is that the electron g — 2

(vi) As required by the Higgs data fit, all the samples anomaly prefers the involved particles, such as the
yielded by the scans predicted A4 <0.3. Conse- winolike and higgsinolike electroweakinos and é; , to
quently, the involved physics of the Z;-NMSSM be lighter than the muon g — 2 anomaly.
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TABLE IV. The numbers of the blue and green samples in Fig. 1, classified by the DM annihilation mechanisms.

Numbers of the blue samples

Numbers of the green samples

Annihilation mechanism Left panel Right panel Left panel Right panel
All 19178 19562 8736 1398
Bino-Wino coannihilation 16415 15506 8627 1327
Bino-Slepton coannihilation 1514 2531 109 71
Z-funnel 691 993 0 0
h-funnel 558 532 0 0

Itis remarkable that the bound of |m)?? | =275 GeV,

set by the LHC search for SUSY, in the left panel of
Fig. 1 is significantly higher than that of |mﬁ??| >

224 GeV in the right board. This conclusion seems
unreasonable since the LHC restrictions are tighter
for the right panel (see the following discussions).
The reason is that we studied the restrictions by
simulating the signals of the samples acquired in
the scan. So these lower bounds depend on the
obtained parameter points or, more basically, their
posterior distribution. Given that the points are rela-
tively sparsely distributed in the low |ml?| region from

100 GeV to 250 GeV in the left panel, compared with
the corresponding area in the right panel, the studied
situations are too limited to obtain an accurate bound
on [mgpl. To testify to this speculation, we took the

prior of M in Table I to be log distributed and repeated
the study of Ref. [159]. We accumulated lots of
samples in the low |mf(]1 | region and obtained a bound

of [msp| 2220 GeV by concrete MC simulations.

This bound came from the experimental analyses in
Fig. 16 of Ref. [165], which concluded no LHC
restrictions on winos in the B — W co-annihilation
case if M 2220 GeV. It is a physical bound,

independent of the posterior distributions. We add
that the lower bound of |mf<1>| yielded in this study is

very close to this experimental limit.

(i) The LHC restrictions on the SUSY explanation. In
Table IV, we listed the numbers of the samples
plotted in Fig. 1. We classified them by the DM
annihilation mechanisms and whether they passed
the LHC restrictions. These numbers are approx-
imately proportional to the posterior probabilities of
the corresponding samples, and they reflect the
LHC’s capability to exclude the SUSY parameter
points. They indicate that the impacts of the LHC
restrictions were more important for this work than
for that in Ref. [159]. This conclusion arises from
two physical reasons. One is that the electron g — 2
anomaly prefers lighter electroweakinos than the
muon g — 2 anomaly. The other is due to the addi-
tional presence of light electron-type sleptons, which

are copiously produced at the LHC and thus enhance
the SUSY signals.

We emphasize that the origin of the shared features has
been studied in Ref. [159]. By contrast, the differences
induced by the addition of the electron anomaly into the
likelihood function were not noticed in the literature.
Revealing their underlying reasons is the focus of this study.

C. Impacts of the LZ limits on the Z;-NMSSM

In the last section, we used the XENON-1T results to set
upper limits on the SI and SD cross sections of the DM-
nucleon scattering [194,195]. These restrictions, however,
have been significantly improved by the recent LZ experi-
ment [163]. Given this advancement, we refined the samples
in the right panel of Fig. 1 with the LZ restrictions. After
projecting the surviving parameter points onto various planes
of SUSY parameters and comparing the resulting figures
with their initial ones, we acquired the impacts of the LZ
experiment on the Z;-NMSSM. Specifically, we found that
most of the similarities in Sec. III B were retained except for
the following three remarkable changes:

(1) Given the measured DM density, the LZ experiment

alone required u = 380 GeV for |mx?| ~ 100 GeV.

This lower bound rose as |m)(?| increased, improving

the corresponding XENON-1T restrictions by more
than 50 GeV. This feature was shown in Fig. 2. Its
primary reason was that an enhanced y could reduce
the ;ff;g?z and )Z?)Z(l)h coupling strengthes and thus
suppress the ST and SD scattering cross sections [234].
(i) As Fig. 2 of this work indicated, the LZ experiment
made the Z-mediated resonant annihilation less
preferred. The reason was that with the decrease
of the 7}7}Z coupling strength, 2|m| should be
closer to my to obtain the measured density. This
situation required the fine-tuning quantity defined in
Eq. (19) of Ref. [191] to be larger than 150. It
usually led to the neglect of the resonant annihilation
scenario in any less elaborated scan. This conclusion
also applied to the ~-mediated resonant annihilation.
We add that this point was discussed by the Bayesian
statistics in footnote 6 of Ref. [161].
One may rephrase this phenomenon as follows:
since the relic density and the DM-nucleon scattering
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FIG. 2. Left panel: Same as the right panel of Fig. 1, except that the samples are projected onto the |mlc];| — u plane. Right panel: Same
as the left panel of this figure, except that all the parameter points further satisfy the LZ restrictions.

(iif)

cross-sections are highly correlated in the Z- and
h-funnel regions, great fine tunings of pertinent SUSY
parameters are needed to acquire the measured density
and satisfy the restrictions of the DM direct detection
experiments simultaneously. This problem becomes
more and more severe as the sensitivities of the direct
detection experiments are improved.

Since the LZ and LHC restrictions were sensitive to
different SUSY parameters, they complemented
each other in probing the parameter space of the
Z3-NMSSM. It was particularly so if one intended to
explain the leptonic g — 2 anomalies at the 20 level,
because y was correlated with the other parameters
by the anomalies, and any enhancement of y in a
massive higgsino scenario would make winos and
7, lighter to keep a$VSY unchanged. This situation
usually tightens the LHC restrictions.

In Table V, we listed the numbers of the parameter
points in the right panel of Fig. 2. Comparing them
with the corresponding ones in the left panel of that
figure, presented in Table IV, one could readily
conclude that, on the premise of explaining the
leptonic anomalies at the 2o level, the LZ experiment
significantly promoted the LHC experiments to limit
the parameter space of the Z;-NMSSM.

We point out that these conclusions can also be acquired
from an independent scan similar to that in Sec. III B but
using the LZ experiment to limit the samples. These two
research methods are equivalent because all the considered
samples satisfy the LZ restrictions and are derived from the
same likelihood function presented in Sec. III A.

Next, we focus on the sparticle mass spectra preferred
by the leptonic anomalies, which were plotted in Fig. 3.
Through comparing the normalized mass distributions
before and after including the LHC restrictions (corre-
sponding to the left and right sides of the violin diagram
for each particle in Fig. 3), we conclude that the LHC
restrictions affect little the shape of My and my_ distribu-
tions, but prefer more massive 20, 79, 73, 7%, 7. €L, €rs
and fi;. The favored mass ranges for the latter set of
particles are 600 GeV = my > 224 GeV, Mz, miliz
240 GeV, mp 2 510 GeV, mp,my= 2 520 GeV, mg, 2
250 GeV, m;, 2240 GeV, m;, 2 230 GeV, my 2
250 GeV, and my, 2 230 GeV, where the upper bound
comes from the requirement to explain the leptonic g —2
anomalies [156]. We verified that 79 and 7{ were wino-
dominated when lighter than 500 GeV, and ;Zg was always
singlino-dominated. We emphasize that these ranges
should be regarded as rough estimates rather than accurate

TABLE V. The numbers of the blue and green samples in the right panel of Fig. 2, classified by the DM
annihilation mechanisms. This table reflects the LHC’s capability to exclude the SUSY parameter points that survive

the LZ restrictions.

Annihilation mechanisms

Numbers of the blue samples

Numbers of the green samples

All 9180
Bino-Wino coannihilation 8372
Bino-Sleptons coannihilation 808
Z-funnel 0
h-funnel 0

277
245
32
0

0
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FIG. 3. Split violin plots with their shapes showing the mass

distributions of the particles beyond the SM. This figure is plotted
by counting the number of the samples yielded by the scan of this
work with the LZ restrictions implemented. The left colorful side
and the right gray side of each violin are based on 9188 and 277
samples, respectively. They are marked by the blue triangle and
green star in the right panel of Fig. 2. The widths of both sides are
fixed so that their ratio does not represent the relative sample
number.

bounds since the studied samples need more, given the
broad parameter space of the Z;-NMSSM.
Finally, we have two comments on the acquired results:
(i) Throughout this study, we did not consider the
theoretical uncertainties incurred by the simulations
and the experimental (systematic and statistical)
uncertainties. These effects could relax the LHC
restrictions. However, given the advent of the high-
luminosity LHC, much tighter restrictions on the

significantly differ from those of this study. As a
result, the LHC restrictions and, subsequently, the
explanation of the anomalies may exhibit new
features (see, e.g., the discussion in [123]). We will
discuss such a possibility in the future.

D. Predictions of a5USY in the Z;-NMSSM

To learn the typical size of a3USY in the Z;-NMSSM, we
projected the parameter points yielded by the scan of this
work onto the a;;"SY—a3"SY plane. The results were shown
in Fig. 4, where the samples in the left panel coincided with
the XENON-IT results, while those in the right board
further satisfied the LZ restrictions. This figure revealed the
following features:

(i) The formula aSV8Y/m?2=~a5"SY/m2 correlated
azYsY and a5VSY in most cases. The primary reason
was that the two quantities depended similarly on the
parameters M, M,, and u, and meanwhile, the
electron-type and muon-type sleptons were compa-
rable in mass. Consequently, aSUSY was typically

around 5x 107" when a5VSY ~2.5x107°. In
addition, we found the violations of this correlation
in rare cases such as mg, > My, p,m;,, where
azU8Y /m? could be much larger than a}"SY/m?.

The DM direct detection experiments and the LHC
experiments were tight in restricting the case of
az"sY 2 1.0 x 107" or a3"Y > 3.0 x 107, where
some sparticles involved in the leptonic anomalies
should be relatively light, as revealed by the dis-

(i)

Z3-NMSSM are expected to be available soon. CUSSiOSIIlJSS ;’f this study. This fact implied thséS%EUSY
(ii) In some high-energy SUSY-breaking theories, 7 may and a, " could not be huge. Specifically, a;~>" and
be the next-to-lightest supersymmetric particle. In az"Y might reach 3 x 107" and 5 x 1077, res-
this case, the signatures of the electroweakinos will pectively, in the optimum cases if one used the
25 x10-13 25 x10-13
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FIG. 4. Similar to Fig. 2, except that the samples are projected onto the a
, and the black dashed lines are the 16 and 26 bounds of a5"SY. To acquire this figure, we especially included

16 lower bound of aSUSY

SUSY__4SUSY planes. The red dashed line corresponds to the

the samples predicting aSVY > 0 and 0 < a3 < 13.3 x 107'° and simulated their signals at the LHC.
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TABLE VI.
different aSUSY.

Details of two benchmark points, P1 and P2. Both points predict a

SUSY

nooY =25 X 107%, but they correspond to significantly

Benchmark Point P1

Benchmark Point P2

A 0.151 my, 961.7 GeV A 0.23 my, 2450.5 GeV
K 0.218 my, 1166.4 GeV K 0.53 my, 914.3 GeV
tan 8 38.7 my, 124.7 GeV tan § 28.9 my, 124.7 GeV
U 407.7 GeV my, 6258.3 GeV 4 541.4 GeV M, 7047.0 GeV
A, —3045.8 GeV my 60.3 GeV A, —2957.5 GeV my —254.8 GeV
A, —776.7 GeV mso 175.5 GeV A, —231.0 GeV mo 277.4 GeV
M, 61.3 GeV my —425.7 GeV M, -256.3 GeV my —561.1 GeV
M, 171.9 GeV my 434.0 GeV M, 270.0 GeV my 566.9 GeV
M,, 127.1 GeV my 1176.5 GeV M,, 124.8 GeV mys 2521.3 GeV
M,, 573.0 GeV my: 175.7 GeV M,, 805.4 GeV my: 277.6 GeV
M;, 663.2 GeV my: 437.2 GeV M;, 278.5 GeV m,: 570.0 GeV
M;, 707.6 GeV m;, 256.0 GeV M, 767.0 GeV m,, 287.3 GeV
aSusY 2.66 x 10-13 m;, 487.7 GeV aSusY 6.8 x 1014 m;, 725.4 GeV
asusy 2.44 x 10~ m;, 700.6 GeV ausy 2.51 x 107° m; 381.2 GeV
Qn? 0.14 mj, 641.1 GeV Qn? 0.10 mj, 683.0 GeV
oy 3.40 x 107%7 cm? m;, 243.9 GeV oy 5.98 x 10~%7 cm? m; 276.7 GeV
o3P 3.95 x 10*? cm? m;, 695.8 GeV o3P 1.74 x 107* cm? m;, 373.3 GeV

Nll’ N12’ N137 Nl4’ NIS
NZI’ N22a N237 N247 N25
N31, Nag, N33, Nag, Nas
N4ls N423 N43’ N449 N45
NSls N52’ N53’ N54’ N55

—0.994, 0.014, —0.109, 0.019, —=0.003 N,;, Nj5, Nj3, Npuy Njs

—0.039, —0.970, 0.219, —0.096, 0.006
—0.062, 0.090, 0.697, 0.709, 0.011
0.084, —0.225, —-0.674, 0.699, —0.023
—-0.001, —=0.001, —0.025, 0.008, 0.999

Ny, Nop, Naz, Nog, Nos
N3y, N3z, Naz, Nag, Nas
Nyi» Nyp, Ny, Nyg, Nys
NSI’ N527 N53’ N547 N55

—0.994, —0.006, —0.097, —0.042, —0.002
0.009, 0.978, —0.187, 0.098, —0.003
0.098, —0.064, —0.698, —0.706, —0.009
0.038, —0.201, —0.684, 0.700, —0.013
—-0.001, —0.000, —0.016, 0.003, 1.000

Annihilations Fractions[%] Annihilations Fractions[%]
AN = ff/ag 82.8/17.2 B — W Co-annihilation 100

Decays Branching ratios[%] Decays Branching ratios[%]
N-7Nz 98.1 N -, 99.5

62.1/23.8/7.4/3.3/2.9
62.6/19.9/6.2/4.4/3.6/2.4/1.0

0= AWFIRZIAZ 7005k
7= FEWT 80 B2

INZ[Dov, )T

P = FEWFARIAZ/ R 44.3/19.2/18.8/4.8/4.6/4.2/1.3/1.1
[TEWF ] 2] 7k Z

I = nwE 99.4

75 = W FEZ) 7R 32.7/29.7/24.1/9.9/3.0
/W /e v,

o - Fiv/Ber /e 48.2/25.4/26 4

ex = ie* 99.8

At = Zivu om0 [T vy 56.0/30.5/10.4/2.5

fix = 2" 99.2

47.6/30.5/21.9
59.7/27.3/11.3/1.0

Do = 71 e [/ Dove
Dy = T [0, vl v,
R value

4.83, ATLAS-SUSY-2018-06

61.6/26.4/7.4/2.2/1.4
60.6/23.3/7.1/3.0/1.9/1.2/1.1/1.1

B = W IZ 85 Z
T = W IR Z8Z v,

JeteT [0,u,/ih
A= FEWFAR/AZ/ AR AZ 44.7/16.1/15.9/7.8/7.0/3.3/1.0
[iT W [75h
= veet 99.8
7E - AWEFEZ 7R W 30.6/29.2/25.6/9.3/2.6/1.5
/éive/ iy,
&t - A /rtv. /et 53.7/29.9/16.4
&g = fle* 99.7
At = 7w /7™ 56.8/29.6/13.6
i = 2w 99.6
b, - jfet 100
0, = 7w 1B,/ A, 58.5/28.3/13.2
R value 0.75, CMS-SUS-20-001

XENON-1T experiment to limit the SUSY parameter

space. The predictions, however, reduced to 1.5 x

10713 and 4 x 107° correspondingly after implement-

ing the LZ restrictions and 1.0 x 10713 and 3 x 107°
when further considering the LHC restrictions.

In Table VI, we provided the details of two
benchmark points, P1 and P2, both predicting
a3USY ~2.5 x 107, Point P1 corresponded to a rel-
atively large aSUSY, ie., aSUSY ~2.7 x 10713, It sat-
isfied the XENON-IT restrictions but was excluded by
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the LZ and LHC experiments. By contrast, a5USY

of point P2 was moderate, namely aS'SY =
6.8 x 107, and this point coincided with all the

experimental results.

IV. SUMMARY

In recent years we have witnessed the rapid progress
of particle physics experiments. In particular, the discrepancy

between a,® and a$M was corroborated by the E989

experiment at FNAL, and the significant departures of

E ;
a.® from asM were also observed in the measurements of

the fine structure constant at LKB and LBNL. These
anomalies hinted at the existence of new physics, and
SUSY as the most compelling new physics candidate has
attracted a lot of attention.

So far, most of the studies on the leptonic anomalies
concentrated on the MSSM, which, however, suffered
increasing fine-tuning problems as the smooth ongoing
of the LHC experiments. This situation motivated us to
explore this subject in another economic and self-contained
low-energy realization of SUSY, namely the Z;-NMSSM.
Specifically, we investigated how large a3USY could reach
in the Z;-NMSSM after considering various experimental
restrictions, given that this quantity was scarcely studied
in SUSY. For this purpose, we utilized the MultiNest
algorithm to scan the theory’s parameter space compre-
hensively. We adopted the leptonic anomalies to guide the
scans and included the restrictions from the LHC Higgs
data, the DM relic density, the DM direct detection by the
XENON-IT experiments, the B-physics measurements,
and the vacuum stability. We also scrutinized the samples
acquired in the scans with the restrictions from the LHC
search for SUSY and the latest LZ experiment. We obtained
the conclusions mainly concerning the DM annihilation
mechanisms to achieve the measured DM density and the
substantial restrictions of the LHC search for SUSY and
the DM direct detections on the parameter space. Most
of these conclusions are the same as those in Ref. [159],
which similarly studied the muon g —2 anomaly in the
Z5-NMSSM. However, we still had new observations,
summarized as follows:

(i) @Y was mainly correlated with a3 by the
formula a$YSY/m2 ~ a3"SY /m? because the two
quantities depended similarly on the parameters
M, M,, and u, and meanwhile, the electron-type
and muon-type sleptons were comparable in mass.
As a result, aSYSY was typically around 5 x 10~

when a3VSY ~2.5 x 107, In addition, significant
violations of this correlation might occur only in rare

cases such as mg, > Mz,/t,mEL, where aEUSY/mZ

could be much larger than a3"SY/ms.

(ii) The DM direct detection and LHC experiments
were more crucial in determining the results of this
work than those in Ref. [159]. This conclusion was

reflected not only by the percentages of the samples
excluded by the restrictions, which were presented
in Tables IV and V, but also by the maximum reach of
aSYSY. Concretely, a5YSY might be around 3 x 10713
in the optimum cases if one used the XENON-1T
experiment to limit the SUSY parameter space.
This prediction, however, was reduced to 1.5 x
10713 after implementing the LZ restrictions and
1.0 x 10~"3 when further considering the LHC res-
trictions. The underlying reason for this phenomenon
is that the electron g —2 anomaly prefers lighter
electroweakinos than the muon ¢ —2 anomaly. It
also requires the presence of light electron-type
sleptons. The experiments have tightly limited these
situations.

(iii) On the premise of predicting aSVSY > 0 and explain-
ing the muon g — 2 anomaly at the 20 level, the LHC
restrictions have set lower bounds on the sparticle
mass spectra, e.g., My > 220 GeV and My, My b

240 GeV, where 79 and 7i are wino-dominated.

Remarkably, although these lower bounds depended

on the obtained parameter points or, more basically,

their posterior distribution, our results coincided with

those from the experimental analyses in Fig. 16

of Ref. [165], which concluded no LHC restrictions

on winos in the B—W co-annihilation case if

My 2> 220 GeV. The reason was that we accumulated

lots of samples in the low |m| region in the right
panel of Fig. 1 and thus explored numerous situations
of SUSY.

These bounds can be understood intuitively as
follows: if 79 is lighter, more missing transverse
energy will be emitted in the sparticle production
processes at the LHC, which can improve the sensi-
tivities of the experimental analyses; while if the
sparticles other than 7! are lighter, they will be more
copiously produced at the LHC to increase the events
containing multiple leptons.

(iv) Since the relic density was highly correlated with the
DM-nucleon scattering cross-sections in the Z- and
h-funnel regions, one needed great fine tunings of
relevant SUSY parameters to yield the measured
density without conflicting with the restrictions of
the DM direct detection experiments. This problem
became more and more severe with the improvement
of the sensitivities of the direct detection experi-
ments. As a result, these annihilation scenarios were
usually neglected if not focused on in a parameter
scan utilizing the MultiNest algorithm and considering
the LZ restrictions.
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