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ABSTRACT: The General Next-to-Minimal Supersymmetric Standard Model (GNMSSM) is
an attractive theory that is free from the tadpole problem and the domain-wall problem of
Z3-NMSSM, and can form an economic secluded dark matter (DM) sector to naturally pre-
dict the DM experimental results. It also provides mechanisms to easily and significantly
weaken the constraints from the LHC search for supersymmetric particles. These char-
acteristics enable the theory to explain the recently measured muon anomalous magnetic
moment, (§—2),, in a broad parameter space that is consistent with all experimental results
and at same time keeps the electroweak symmetry breaking natural. This work focuses
on a popular scenario of the GNMSSM in which the next-to-lightest CP-even Higgs boson
corresponds to the scalar discovered at the Large Hadron Collider (LHC). Both analytic
formulae and a sophisticated numerical study show that in order to predict the scenario
without significant tunings of relevant parameters, the Higgsino mass por < 500 GeV and
tan 8 < 30 are preferred. This character, if combined with the requirement to account for
the (g — 2), anomaly, will entail some light sparticles and make the LHC constraints very
tight. As a result, this scenario can explain the muon anomalous magnetic moment in very

narrow corners of its parameter space.
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1 Introduction

The latest measurement of the muon anomalous magnetic moment a, = (g — 2),/2 an-
nounced by the Fermilab National Accelerator Laboratory (FNAL) [1] is in full agreement
with the Brookhaven National Laboratory (BNL) E821 result [2]. The combined experi-
mental average is given by equation (1.1):

a; = 116592061(41) x 107", (1.1)

which shows a 4.2 ¢ discrepancy from the Standard Model (SM) theoretical prediction
apM = 116591810(43) x 10~ [3-23], given by equation (1.2):

Aay = a® —as™M = (251 £59) x 10711, (1.2)

In addition, the Run-1 results in Fermilab also imply that a more thorough analysis in
future experiments will most probably substantiate the excess of a, in 50 discovery level.
In recent years, this situation has inspired continuous attention to a,. In particular, it
was widely conjectured that the anomaly may arise from new physics beyond the SM (see,
e.g., ref. [24] and the references therein). Among a variety of theories that can account
for the anomalous magnetic moment, supersymmetry (SUSY) is especially promising due



to its elegant structure and natural solutions to many puzzles in the SM, such as the
hierarchy problem, the unification of different forces, and the dark matter (DM) mys-
tery [25-28]. Studies of low-energy supersymmetric models have indicated that the source
of the significant deviation can be totally or partially contributed to smuon-neutralino or
sneutrino-chargino loop effects [24, 29-79].

Although SUSY has multiple theoretical advantages, it has been strongly restricted
by DM direct detection (DD) experiments, such as XENON-1T [80, 81] and PandaX-
4T [82, 83] experiments, as well as LHC sparticle searches [84-91]. As a consequence, some
of its economical realizations become unnatural for electro-weak symmetry breaking in
interpreting the anomalous magnetic moment. In the Minimal Supersymmetric Standard
Model (MSSM) with R-parity conservation [26, 92-94], the lightest neutralino is usually
the lightest supersymmetric particle (LSP), and thus a viable DM candidate. In order to
fully account for the DM abundance measured by the Planck experiment [95], it must be
Bino-dominated when it is lighter than 1 TeV [96]. In this case, the XENON-1T experiment
and the LHC experiments prefer that the magnitude of the Higgsino mass parameter, p,
be larger than about 500 GeV in explaining the discrepancy in the 2 o level [78]. This
implies a fine-tuning at the order of 1 % in predicting myz [97]. This conclusion may be
understood from the features of the DM annihilation mechanisms in the MSSM:

e In the case that the DM co-annihilates with Wino-dominated particles to obtain the
measured abundance, the Higgsino mass prefers to be much larger than the DM mass,
which was explained in appendix A of this work. In addition, the SUSY explanation
of the deviation together with the results of the LHC search for SUSY can further
restrict p values in a significant way.!

e In the case that the DM co-annihilates with Higgsino-dominated particles to obtain
the measured abundance, the DM DD experiments have required |u| to be as large
as several TeV, because DM-nucleon scattering rates are enhanced by a factor of
1/(1 - m?((l) /1u?)? as m?%‘f /u? — 1 (see discussions in appendix A).

e In the case that the DM co-annihilates with Sleptons to obtain the measured abun-
dance, the LHC’s searches for electroweakinos require Higgsinos to be massive be-
cause Wino- and Higgsino-dominated electroweakinos can decay into Sleptons and
thus enhance the production rate of lepton signals at the LHC [67].

e In the case that the DM co-annihilates with Squarks or Gluinos to obtain the mea-
sured abundance, the LHC’s searches for colored sparticles require the DM mass to
be heavier than 1 TeV [98].

n carrying out this study, we also investigated the characteristics of MSSM and Z3-NMSSM in a similar
way to this work. We found that the co-annihilations with Wino- and Slepton-dominated particles are the
main annihilation mechanisms of the bino-dominated DM , i.e., their corresponding Bayesian evidences are
the largest in comparison with the other annihilation mechanisms. We also found that the DM preferred to
be heavier than about 300 GeV and |p| = 500 GeV when we implemented detailed Monte Carlo simulations
for the constraints from the latest LHC searches for electroweakinos. These observations significantly
improve the conclusions of [78] and [79], since more LHC analyses were considered carefully.



e In the case that the DM obtains the measured abundance by the SM-like Higgs funnel
or Z funnel, the LHC’s searches for eletroweakinos prefer massive Higgsinos because
the DM is relatively light and the LHC’s constraints on sparticle mass spectrum are
rather strong [99].

e The case in which the DM obtains the measured abundance by the resonance of heavy
doublet Higgs bosons is rare. One reason for this is that this case requires significant
tuning of SUSY parameters to realize the correlation \m;(cl)| ~ mu/2, where my
denotes the mass of CP-odd Higgs bosons in MSSM. Another reason is that the
LHC’s searches for exotic Higgs bosons prefer the bosons to be very massive [100].
Consequently, the DM is also massive.

Next, we consider the Next-to-Minimal Supersymmetric Standard Model with a Z3
symmetry (Z3-NMSSM) [101, 102]. This model extends MSSM by a gauge-singlet Higgs
superfield S, and has the advantage that either a Bino-dominated (in most physical cases)
or a Singlino-dominated neutralino can act as a viable DM candidate [99, 103-114]. The
Bino-dominated DM candidate differs from the MSSM prediction mainly in that it could co-
annihilate with a Singlino-dominated neutralino to obtain the measured abundance [106].
This situation, however, occurrs in very narrow parameter space characterized by [2rku/\| ~
|M1|, moderately large A and k, and |u| 2 300GeV [106, 112]. In addition, aEUSY is
insensitive to Yukawa coupling A because the Singlino field has no mixing with Wino and

Bino fields, and it does not couple directly to the muon lepton. As a result, the formulae

SUSY
"

approximation in MSSM [67]. Considering these features, we expected that the Bino-
dominated DM case in the Z3-NMSSM and MSSM would not show significant differences in
explaining the discrepancy. The properties of the Singlino-dominated DM are determined

to calculate a in NMSSM are same as those at the lowest order of the mass-insertion

by A, the Higgsino mass p (denoted by ptot in this work), and tang for a given DM
mass [115]. A relatively large A can increase the DM-nucleon scattering cross-sections, and
so far, A 2 0.3 is disfavored by the XENON-1T experiments [112, 115]. This conclusion
implies that the traditional DM annihilation channels, Y)%) — tt, hsAs, hAs, where t,
h, hs, and Ag denote the top quark, SM-like Higgs boson, and singlet-dominated CP-
even and CP-odd Higgs bosons, respectively, can not be fully responsible for the measured
abundance [112]. As a result, the DM is more likely to obtain the abundance by means of the
co-annihilation with the Higgsino-dominated particles, which corresponds to a correlated
parameter space of 2|k| ~ A with A < 0.1. The Bayesian evidence in this case is heavily
suppressed owing to the very narrow parameter space, which entails a certain degree of fine-
tuning to meet the DM experiments [115]. In addition, the interpretation of the magnetic
moment causes the Z3-NMSSM to be further restricted by the updated searches for SUSY
at the LHC with 139 fb~! data. In particular, the region of tan 8 < 30 in figure 7 of [99] has
been excluded because both the DM and Higgsinos are relatively light. Such a situation,
as we will show below, was frequently encountered in this work.

The dilemma of MSSM and Z3-NMSSM inspired us to study the general Next-to-
Minimal Supersymmetric Standard Model (GNMSSM) [116]. Unlike Z3-NMSSM, GN-
MSSM usually predicts the Singlino-dominated neutralino as a viable DM candidate due



to its following specific theoretical feature: the properties of the Singlino-dominated DM
are described by A, piot, mgo, tanf, and x, among which the first four parameters deter-
mine the DM couplings to nucleon, and x mainly dominates the DM couplings to singlet-
dominated Higgs bosons [116]. Consequently, singlet-dominated particles xY, hs, and A
can constitute a secluded DM sector, where the measured DM abundance can be achieved
by the hs/As-mediated resonant annihilation into SM particles or through the annihila-
tion process of X{%) — hsA, by adjusting the value of k. Given that this sector interacts
with SM matters only through weak singlet-doublet Higgs field mixing, the DM-nucleon
scattering rate can be naturally suppressed by Av/usot when A is small [116]. Since the
parameters need no significant tuning to be consistent with the constraints from the DM
experiments, the corresponding Bayesian evidence is significantly larger than that for the
Bino-dominated DM case [116]. Other characteristics of the theory include that, due to
the very weak couplings of the Singlino-dominated DM to other sparticles, heavy spar-
ticles initially prefer to decay into next-to-LSP (NLSP) or next-next-to-LSP (NNLSP).
As a result, their decay chains are lengthened and their signals become complicated. In
addition, the DM as LSP may be moderately heavy, since the annihilation %) — hsA;
requires mpy > (mp, +ma,)/2. These features weaken significantly the limitations from
the LHC’s searches for SUSY. Specifically, in our recent work, we studied aiUSY in a simpli-
fied version of GNMSSM, which we called p-extended NMSSM (uNMSSM) [67]. We found
that, by presuming the DM and LHC experiments are satisfied, utNMSSM can explain the
discrepancy in a broad parameter space where Higgsinos are lighter than about 500 GeV.
In our previous work [67], we considered only the h; scenario, in which the lightest
CP-even Higgs boson corresponds to the SM-like Higgs boson discovered at the LHC. A
typical feature of NMSSM is that the next lightest CP-even Higgs boson may also act as the
SM-like Higgs boson, which has been dubbed the ho scenario in the literature. Thus, a full
understanding of GNMSSM necessitates the study of the discrepancy in the hy scenario.
In particular, given that specific configurations of Higgs parameters are needed to predict
mp, < (mp, >~ 125GeV) and hy to be SM-like, it is conceivable that the hs scenario suffers
tighter experimental constraints than the h; scenario.? This leaves in doubt the idea that
the ho scenario can explain the discrepancy. As a result, a careful examination of the
experimental constraints on the hs scenario is needed, which is the focus of this work.
This work is organized as follows. In section 2, we briefly introduce the basics of
GNMSSM and the SUSY contribution to the moment. In section 3, we perform a sophis-
ticated scan over the broad parameter space of uNMSSM, and show the features of the
theory in explaining the discrepancy. By using specific Monte Carlo simulations, we also
comprehensively study the constraints from the LHC’s searches for SUSY. In section 4, we
concentrate on the GNMSSM, which has much broader parameter space than uNMSSM,
and perform a similar study to those in section 3. Lastly, we draw conclusions in section 5.

2This conclusion may also be understood intuitively as follows: the lightness of h; and the premise that
h1 and hg are singlet-dominated and SM-like, respectively, lead to the tendency that some parameters in
the Higgs sector are relatively small. Consequently, light sparticles are usually predicted. This phenomenon
is similar to the well-known fact that the natural result for electroweak-symmetry breaking prefers |u| <
500 GeV [97].



2 Theoretical preliminaries

It is well-known that the superpotential of the popular Z3-NMSSM is given by [101, 102]
PN o 1 -
Wz,—~nmssm = Wykawa + ASHy, - Hg + 5553, (2.1)

where the Yukawa terms Wyykawa are the same as those in MSSM, H, = (]ﬁ[;r ,ﬁS)T
and Hy = (f[g,ﬁd_)T are SU(2); doublet Higgs superfields, and A, x are dimensionless
couplings coefficient parameterizing the Zs-invariant trilinear terms. GNMSSM differs
from Z3-MSSM in that its superpotential does not respect the Z3 symmetry, and thus it
contains the following most general renormalizable couplings:

. 1. .
Wanmssm = Wz, —nmssv + pHy, - Hg + 5//52 +&8S. (2.2)

Historically, the terms characterized by the bilinear mass parameters p, ¢/ and the singlet
tadpole parameter { were introduced to solve the tadpole problem [101, 117] and the cos-
mological domain-wall problem of Z3-NMSSM [118-120], and the {-term can be eliminated
by shifting the S field and redefining the p parameter [121].3 The bilinear terms could
stem from an underlying discrete R symmetry, ZJ or Zg, after supersymmetry breaking,
and be naturally at the electroweak scale [118, 121-124]. Note that these extra terms can
change the properties of Higgs bosons and neutralinos (in comparison with the Z3-NMSSM
prediction) and significantly alter the phenomenology of the theory. As emphasized in the
introduction, this is one of main motivations of this work.

2.1 Higgs sector of GNMSSM

Corresponding to the potential in eq. (2.2), the soft-breaking terms of the GNMSSM are
given by [101, 102]

1 1
—Looft = |NANSH, - Hy + g14,&5'3 +m3H, - Hy+ 5m’5252 + h.c.

+mig, | Hul? +miy, | Hal* +mg| S|, (2:3)

where H,, H; and S denote the scalar components of the Higgs superfields. The soft-
breaking mass parameters m%]u, qud and m% can be fixed by solving the conditional
equations for minimizing the scalar potential and then expressing them in terms of the
vacuum expectation values (vevs) of the scalar fields: (H?) = v, /v/2, (H}) = v4/v/2 and
(S) = vs/V/2 with v = (/v +v2 ~ 246 GeV. As usual, the ratio of the two Higgs doublet
vevs is defined as tan 8 = v, /v4, and an effective p-parameter of MSSM is generated by
pet = Avs/+/2. Consequently, the Higgs sector is described by ten free parameters: tan j3,
teft, the Yukawa couplings A and «, the soft-breaking trilinear coefficients Ay and Ay, the
bilinear mass parameters p and ', and their soft-breaking parameters m3 and m/s?.

The GNMSSM predicts three CP-even Higgs bosons h; = {h, H, hs}, two CP-odd Higgs
bosons a; = {Ap, As}, and a pair of charged Higgs bosons H* = cos BH.F + sin ﬁHj[. In

3Throughout this work, we adopt this convention consistently.



the field convention that Hsy = sin SRe(H])) + cos SRe(H)), Hnsm = cos SRe(HY) —
sin BRe(HY), and Anxsm = cos Slm(HY) — sin fIm(HY) [125], the elements of the CP-
even Higgs boson mass matrix M% in the bases (Hnsm, Hsum, Re[S]) are read as follows in
equations (2.4) [101]:

2 [per (AN + Kot + M) + Am3] 1 _
/\/l?g,n = e )\si; 23 3l + 5(2m2z — M\%0?) sin? 233,
1
M 1o = = (2m3 — N*0?)sin 45,
1
M3 = ——=(AAx + 26pie + A’ )v cos 23,

2

5

1
M 59 = m% cos® 26 + 5)\21)2 sin? 24,

,L) .
Mo = —= [2M (et + 1) — (A + 25p1 + M) sin 28],

V2

Ay + p/) sin2 452
AU+ 1) sin B)\v2 4 Heff KA, + f M 3’ | — = M2 (2.4)
Aptese A A 2t

2
MS,33 -

and those for C'P-odd Higgs fields in the bases (Ansm, Im(S)) are given by equations (2.5):

2 [pteft (NN + Kiptet + ') + Amj]

2 —
Mpn = Asin 203 ’
Ay +4 ) sin 2
M2, = (A + 4kper + Ap') sin 5)\1}2_%(314”_1_#/)_L)\QUQ_%%%Q’
’ 4/,Leff 2:U'eff
v
My = ﬁ()\A/\ — 26 teft — M) (2.5)

The mass eigenstates h; = {h, H, hs} and a; = {Ap, A} are achieved by unitary rotations
V and Vp to diagonalize /\/l% and M%g, respectively, as given by equations (2.6):

hi = VthSMHNsM + VhSiMHSM + VhsiRe[S],
a; = Vggj\/{ANSM =+ Vgallm[S] (26)

Among these states, h is defined as the scalar state discovered at the LHC, H and Apy
represent the doublet-dominated states which prefer to be heavy in the LHC’s search for
extra Higgs bosons [100], and hs and A4 denote the singlet-dominated states. For the sake of
discussion, these states are also labelled in an ascending mass order, i.e. mp, < mp, < Mp,,
and myg, < ma,. Thus, hy = hy and h = hy for the hy scenario. The mass of the charged
Higgs state HT is expressed as equation (2.7):

2 [fef (AN + Epter + M) + /\mQ}
2 3 2 2 2
_ ) .
M+ = Nsin 2 + myy — A% (2.7)

Regarding the input parameters in the Higgs sector, we note that they have been tightly
constrained by the LHC Higgs data for the ho scenario, especially piyoy = pt + pleff does not
prefer to be excessively large. To illustrate this point, we assume mg+ and Ay to be at
most several TeV for natural electroweak symmetry breaking (see the equations to minimize



the Higgs potential in [101]), tan 8 > 1 to predict a sizable aiUSY, and A < 0.1 to suppress
the DM-nucleon scattering for Singlino-dominated DM case. Then, after integrating out
the heavy Higgs fields Hxgy and Angy [106, 125], we obtain the effective mass matrix for
CP-even Higgs bosons in the bases (Hgn, Re[S]), as shown in equations (2.8):

2 ~ m2 12 ~ M2
Mirgtgy = M7z + 0t Mg Rels) = M2 ~ V2 0piion,

4
M3 Mgy — S
Re[S]Re[S’] — 5,33 M2 _MQ
S,11 S,33

Meff 4”2/%3 / Ptot \2 2, 1 2 9
~ A 3 — —A — 2.8
3 <n w T+ \ + /<c,u> Sier ve + 5NV (2.8)

where J; denotes top/stop loop correction to Higgs boson mass, and the singlet-dominated
CP-odd Higgs boson mass is given by equation (2.9):

M4
2 2 P12
my, ~ Mpag —
Mp 11— Mo
K Leff / Ptot \2 2 12 o 72
~ — A - — — -2 . 2.
3 (BA, + 1) 2Meff)\v —1—2)\11 my (2.9)

We also obtain the following approximations as shown in equation (2.10):

s 27~ 1/2

VS Mugurds) | V2ot UNSM g pSM o |g Vi 1
YSM T 2 e T oa e oo Y ne= VM T

> my — mj, my — mj, h
VASM ~ o, VB, ~ 1. (2.10)

These formulae reveal the following facts:

e Parameters Ay and ms mainly determine the heavy Higgs boson masses, and they
have little impact on the other Higgs bosons’ mass spectrums.

o my, and m4_ depend on parameters \, K, Lieff, itot, Ax and /. In addition, m 4, also
depends on m/s. This implies that, even when A, K, feff, fitot, and p’ are fixed, my,
and my, can still vary freely by the adjustment of A, and ml, respectively. This
situation is different from that of Z3-NMSSM, where fiyor = pesr, ' = 0, and my = 0,
and consequently, the masses of singlet fields are correlated [99].

e The most important feature is that the latest LHC Higgs data have imposed an
upper limit of about 40 GeV on |Autet| in the tremendously large tan 5 limit, since
| Aitot| may induce a sizable Vhs . Furthermore, since a small X is preferred by DM
DD experiments in the Singlino-dominated DM case, |ueft|, |ttot| and |petot/ o] in
eq. (2.8) are unlikely to be exceedingly large. Otherwise, strong cancellations among
the different terms on the right side of eq. (2.8) are needed to predict my, < 125 GeV,
which makes the theory fine-tuned.

Given that too many parameters are involved in the Higgs sector, the hg scenario is
studied using the following strategy. First, we assume the charged Higgs bosons to be



very massive by setting Ay = 2TeV and mg = 1TeV, following the discussion above.
Second, we investigate the characteristics of uNMSSM, where p/ and m’y are taken to be
zero.* This model contains most of the key features of the GNMSSM [116], and thus has
pedagogical significance. Finally, we concentrate on the GNMSSM by treating u, u/ and
m/g as variables, and investigate its features in explaining the discrepancy.

2.2 Neutralino sector of GNMSSM

The neutralino sector in the GNMSSM consists of the mixtures among the Bino field B, the
Wino field W, the Higgsino fields HY, fIS and the Singlino field S. Its mass matrix in the

basis (—iB, —iW, HY, H?, S) takes the following form [101], as shown in equation (2.11):

M; 0 —mygsinfy cosB mygsin by sin 8 0
My mycosBy cos B —my cos Oy sin S 0
Moo = 0 — Lhtot —%)\v sinfg |, (2.11)
0 —%)\v cos f3
QTHMeH + Hl

where M; and Ms are gaugino soft-breaking masses, and po represents the Higgsino
mass. This matrix can be diagonalized by a rotation matrix N, and subsequently the mass
eigenstates are expressed by equation (2.12):

0 = Natp? + Nigth9 4 Nigtp9 + Nigah) + Nysay. (2.12)

where ¥V (i = 1,2, 3,4,5) are labeled in an ascending mass order. N;3 and N;4 characterize
the flg and fIS components in ¥V, and N5 denotes the Singlino component.
In the case of very massive gauginos and |mf~<0 — p2.| > A2 the following approxi-
1

mations are obtained for the Singlino-dominated ! [131-133], given by equations (2.13):

1 A0 (mgo — ot sin2) 24
/ X1
>~ Moo — = — — Meff, N11 NO, N12N0, 2.13
I X1 9 m?((l) _ :U%ot A e ( )
N13 . AU (mi‘f /Mtot) sin 6 — COS ﬁ N14 . AU (mf((l) /:U’tot) CoS /B — sin ﬁ
= 2 s = 2 )
Nis V2ot 1 (mﬁ /Mtot) Nis V2ot 1 — (mﬁ /Mtot)

12

—1
N N
N (1 + 5+ )
N125 N125
512
[1 — (mgo/ pitot) }

(mﬁ/utot) 2(myo/ titot) sin 23 + 1 \f — ’ + 11— (TTL;(flJ/,LLtot)2 .
241

“Note that uNMSSM as the most economical realization of GNMSSM could arise from the Z3-NMSSM
when it was embedded into canonical superconformal supergravity in the Jordan frame, and had applications
to the inflation in the early universe [126-130]. This is an interesting realization of supersymmetry in particle
physics.



These approximations indicate that the mass of the Singlino-dominated DM is determined
by the parameters \, K, fof, fitot, and p’. In particular, A and s are two independent
parameters in predicting ]m;((l)\ < |ptot)- This situation is different from that of the Zs-
NMSSM, where ¢/ =0, pot = pest, and consequently, |<| must be less than \/2 to predict
the Singlino-dominated neutralino as the LSP [101]. They also indicate that, for fixed
tan 3, the Higgsino compositions in ¥J depend only on A, g, and mgo. Therefore, it is
convenient to take the three parameters and s as theoretical inputs in studying the )2(1)’5
properties, where x determines the interactions among the singlet-dominated particles.
This characteristic contrasts with that of the Z3-NMSSM, which only needs the three
input parameters of A\, uiot, and any of mgo or K to describe ¥ properties [115]. These
differences imply that the singlet-dominated particles may form a secluded DM sector [134],

which has the following salient features:

e The Singlino-dominated DM can achieve the correct abundance by the process
WY — hsAs, through adjusting the value of &, or by the hs/As-mediated resonant

annihilation into SM particles.

e Since the secluded sector communicates with the SM sector only through the weak
singlet-doublet Higgs mixing, the interaction between the DM and nucleus is naturally
feeble when A is small.

We added that, even when A, K, peg and pior are fixed, m% , can still vary freely through
the tuning of 4. In addition to the process YJx? — hsAs and hy/A, resonant annihilation,
the DM has other annihilation channels for obtaining the measured abundance [67], e.g., co-
annihilation with Higgsino-dominated electroweakinos and/or sleptons, and resonant Z/h
annihilations. Owing to these features, the GNMSSM has a broad parameter space consis-
tent with the current DM experimental results. As a result, it is the Singlino-dominated
LSP, instead of the Bino-dominated LSP, that is most favored to be a viable DM candidate.

2.3 Muon g-2 in the GNMSSM

The SUSY source of the muon anomalous magnetic moment « mainly includes loops

SUSY
o

with a smuon and a neutralino, as well as those with a muon-type sneutrino and a
chargino [29-32]. The one-loop contributions to aiUSY in GNMSSM are given by [30, 67]

as equations (2.14):

my

2
12mﬂz Fu

(Ini? + i} ) F¥(za) + 55 Re(nljnip) B3 (i) ¢

(2.14)

2m_+
ot m m L2 R |2 C X L R\ rC
aig v — ® E { 7’)’5 ) (‘Ck| + ’Ck | ) Fl (.Tk) + 3m2k Re(ckck )FQ (xk)} ’

—_
[\
NS

VY



where i =1,---,5, 7 =1,2 and | = 1,2 denote the neutralino, chargino and smuon index,
respectively. This gives us equations (2.15):

1 * *
nii—= (92Ni2 + 91Ni1) XJi — yuNis X5, nji V291 Nin Xia + yuNis X1,
V2 (2.15)
C% — 92Vi1, CE?JMUIE%

where N is the neutralino mass rotation matrix, X the smuon mass rotation matrix, and

U° and V° the chargino mass rotation matrices defined by U*MoVel = m;lfg . F(x)s are

the loop functions of the kinematic variables defined as x; = m?{o / m%l and zj, = m?{i / mlg,u,
L k

and take the following form given by equations (2.16)—(2.19):
2

FN(z) = A= :1 — 62 + 32% + 22° — 622 lnx] (2.16)
FN(z) = (1—395)3 1-2? 42l (2.17)
FC(z) = (1—2x)4 :2+3x—6w2+x3+6xlnx} (2.18)
FE (z) :—2(13_33)3 3 -4z +2%+2mz|, (2.19)

They satisfy F{¥ (1) = F¥(1) = FF(1) = F§'(1) = 1 for the mass-degenerate sparticle case.

In practice, it is instructive to understand the features of aEUSY through the mass
insertion approximation [31]. Specifically, for the lowest order of the approximation, the
contributions to aiUSY can be classified into four types: “WHL”, “BHL”, “BHR”, and
“BLR”, where W, B, H, L, and R stands for Wino, Bino, Higgsino, and left-handed and
right-handed Smuon fields, respectively. These are from the Feynman diagrams involving
W — Hy, B — Hg, B — HY 4, and fif, — fir transitions, respectively, and take the following
form [31, 33, 34] given by equations (2.20)—(2.23):

2 2 9 2
g mis, Majisor tan B M. V M2
AWhL = oo 2fc m; 7::; - — f — - Mt;t . (2.20)

8 Mo, P PL mﬂL

2 2,2
ay M My piot tan 8 ME
ai%SgL = & p = N m21 ?mté)t 7 (2.21)
KL KL 1339
oy M2 M figor tan 3 M?  i?
GuBiR =~ Nl e g I (2.22)
a Mg Mar Mg
GSUSY _ almiMlﬂtot tan mi, Mg (2.23)
uwBLR A M14 N M12 ) M12 ) .
where the loop functions are given by
5—-3(x+vy)+ay 2Inx 2Iny
folx,y) = — + 2.24
N TR R T e A e [T AN
—3+z+y+ay 2zlnz 2ylny
fn(z,y) = (2.25)

-1y —12  @-p@-18 @—yy-1)?
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and they satisfy fo(1,1) = 1/2 and fy(1,1) = 1/6. Note that the Singlino field S can
also enter the insertions. Because both the W — S and B — S transitions and the iSf L.R
couplings vanish, the Singlino field only appears in the “WHL”, “BHL” and “BHR” loops
by two more insertions at the lowest order, which correspond to the H 3 —Sand S—H 3
transitions in the neutralino mass matrix in eq. (2.11). Since a small X is preferred by the
DM physics, the Singlino-induced contributions are never significant [67]. Although in this
case the GNMSSM prediction of aﬁUSY is roughly the same as that of the MSSM, except
that the p parameter of the MSSM should be replaced by pot, the two models predict
different DM physics and different sparticle signals at the LHC. Thus, they are subject to
different theoretical and experimental constraints. It should also be noted that, although
there is a prefactor of the Higgsino mass u in the expression of the “WHL”, “BHL”, and
“BHR” contributions, the involved loop functions approach zero with the increase of |u|,
and consequently these contributions depend on p in a complex way. By focusing on several
typical patterns of sparticle mass spectrum with a positive u, we found that the “WHL”
contribution decreases monotonously as p increases, while the magnitude of the “BHL” and
“BHR” contributions increases when p is significantly smaller than the slepton mass and
decreases when p is larger than the slepton mass. In addition, the “WHL” contribution is
usually much larger than the other contributions if fiz, is not significantly heavier than jig.

3 Explaining Aa, in the hy scenario of yNMSSM

3.1 Research strategy

This sector focuses on the ho scenario of uNMSSM. In order to analyze its characteristics
in explaining the discrepancy, the following parameter space was scanned by MultiNest
algorithm [135]:

0<\<0.75, k| < 0.75, 1 < tan 8 < 60,
|My| <1.5TeV, 100GeV < My < 1.5TeV, —5TeV < A; < 5TeV, 31)
| <1TeV,  100GeV < jugor < 1TV, |A.| <1TeV,

100GeV < myj, < 1TeV, 100 GeV < my, < 1TeV,

where the flat prior distribution was chosen for all input parameters and the active point
number, njve, was set to be 6000.°> Other dimensional parameters that are unimpor-
tant to this study were fixed at 2TeV, and include SUSY parameters for the first and
third generation sleptons, three generation squarks, and gluinos. In numerical calculations,
the model file of GNMSSM was constructed using the package SARAH-4.14.3 [136-139].
Particle mass spectra and low-energy observables, such as CLEUSY and B-physics observ-
ables, were generated by the codes SPheno-4.0.4 [140, 141] and FlavorKit [142]. The
DM abundance and direct/indirect detection cross-sections were calculated by the pack-

age MicrOMEGAs-5.0.4 [143-148]. The likelihood function used to guide the scan mainly

5In the MultiNest algorithm, the active points are used to determine the iso-likelihood contours in each
iteration of sampling. Note that the results obtained by this algorithm has statistical significance.
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contains the value of aEUSY [67], and it takes the following form, given by equation (3.2):

1 (aSUSY 251 x10°\%| o ,
exp |—= , if restrictions satisfied;

2 5.9 x 10—10 (3.2)

exp [—100] , if restrictions unsatisfied,

where the restrictions on each sample include:

1.

DM relic abundance, 0.096 < Qh? < 0.144. In implementing this constraint, the
central value of the Planck-2018 data, Qh? = 0.120 [149], was used, and a theoretical
uncertainty of 10% in abundance calculation was assumed.

DM direct and indirect detections. Specifically, the SI and SD DM-nucleon scat-
tering cross-sections should be lower than the bounds from the XENON-1T experi-
ments [150, 151], and the DM annihilation rate at present time should be consistent
with dwarf galaxies observations from Fermi-LAT collaboration [152]. The method
suggested in [153] was adopted in studying the latter constraint.

Higgs data fit. The properties of the next lightest CP-even Higgs boson hg (also
denoted by h throughout this work) should be consistent at the 95% confidence level
with corresponding data obtained by ATLAS and CMS collaborations. This condition
was checked with the code HiggsSignal-2.2.3 [154] by requiring the sample’s p value
to be larger than 0.05.

Direct searches for extra Higgs bosons at LEP, Tevatron and LHC. This requirement
was examined by the code HiggsBounds-5.3.2 [155].

Some B-physics observations. Specifically, the branching ratios of Bs — u™p~ and
B — X,v should agree with their experimental measurements, which were summa-
rized in [156] at the 20 level.

LHC searches for SUSY. In order to explain the discrepancy, the electoweakinos
and sleptons in the GNMSSM can not be excessively heavy. Thus, they will be
produced at the LHC to generate multi-lepton signals. The code SModelS-2.1.1 [157]
was used to set limits on the signals in some simple topology cases. Sophisticated
study of the constraints will be carried out in subsection 3.3, using the package
CheckMATE-2.0.29 [158-160].

Vacuum stability for the scalar potential consisting of the Higgs fields and the last two
generation slepton fields. This condition was checked by the Vevacious code [161, 162],
and its effect on the GNMSSM was recently discussed in [67].

In presenting the results, two-dimensional profile likelihood (PL) for the function £ in

eq. (3.2) was used. It is defined by what follows in equation (3.3): [163]

L(©4,05) = max £(O), (3.3)

©1,,04-1,0441,7,0B-1,0B41,
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Figure 1. Two-dimensional profile likelihood maps of the function £ in eq. (3.2) projected onto
|m>~<rl] |— aiUSY, tan 8 — fot, Mo — pitot, and my, —my, planes. Pink and white contour lines enclose
lo and 20 confidence regions, respectively. The best point is marked by the pin symbol, and it
is located at tan 8 =~ 30, mgo ~ 103 GeV, fitor >~ 210GeV, My >~ 330GeV, my, ~ 470 GeV, and
My, ~ 550 GeV.

where ©;(i = 1,2,...) denote the input parameters, © 4 p are the variables of interest, and
the maximization of £(©4,0p) is achieved by scanning the parameters other than © 4
and ©p. Related quantities includes 1o and 20 confidence intervals (CI), and the x? func-
tion defined by x? = —2InL(0,,O0p). These statistical measures were briefly introduced
in [163], and they reflect the capability of the theory to explain the discrepancy.

3.2 Key features of the interpretation

All samples obtained in the scan were projected onto different parameter planes to show
two-dimensional PLs, which could reveal the underlying physics of the hy scenario. Figure 1
illustrates that the scenario can interpret the discrepancy in a broad parameter space.
Specifically, the upper left panel indicates that the best point predicts (IEUSY =25.1x10719,
which means X123est =0, x> < 2.3 for 1o Cl and x? < 6.18 for 20 CIs. In term of aEUSY, the
x? ranges correspond to 16.2 x 10710 < a5U5Y < 34.0 x 10710 and 10.4 x 10710 < a5U5Y <
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Figure 2. Same as figure 1, but on the A —[x|, [mgo| — 3(mn, +ma,), Imgol — oSP and [mgo| — ot

planes, respectively.

39.8 x 10719 respectively. The upper right panel shows that the maximum reach of ot
decreases monotonously with the increase of tan 3, and it is about 500 GeV (260 GeV) for
tan 5 = 10 (tan § = 60). The reason for such a behavior is that, in the case of a relatively
small tan 3, the second term in M%723 of eq. (2.4) is sizable, and can cancel the first term
to suppress Vhs , which is preferred by LHC Higgs data. As tan S increases, the cancellation
effect becomes weak since the second term is suppressed by sin 253, and tighter constraints
are set on jigo;.> Moreover, analyzing the posterior probability of the scan results indicates
that the scenario prefers small tan 8 region. Thus, most samples obtained in the scan
predict tan 8 < 30.

SThroughout this work, Ay is fixed at 2TeV. If a larger Ay, e.g., Ay = 10TeV, was taken, it was
found that tan 3 tended to become larger, while |utot| and A tended to be smaller [164]. This tendency
is needed to suppress /\/@723 and ./\/125,33 in eq. (2.4) simultaneously. In addition, the Bayesian evidence of
the scenario decreases significantly as A increases [164], which means that setting a large Ay will cause

a more subtle parameter tuning to obtain my; < 125GeV and correct electroweak symmetry breaking. In

brief, even when A) is treated as a variable in studying the parameter space, the natural realization of the
ho scenario to interpret the anomaly in the GNMSSM, as suggested by this work, has been tightly limited.

This conclusion was verified by our alternative scans.
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The lower left and right panels of figure 1 depict the ranges of Ms, fir, and figr, which
are determined by aEUSY in egs. (2.20)-(2.23). They show that M may be as large as
1.5TeV, and fiy, and fir may be as large as 1 TeV. The lower left panel also exhibits that
the mass of chargino )Zli is less than about 350 GeV. It should be noted that the ranges
of My and fir depend strongly on the value of tan 8. For example, assuming that the
theory explains the discrepancy of Aa, at 1o level, it was found that My and fi;, must
be less than about 400 GeV and 350 GeV, respectively, for tan 5 = 10. The upper bounds
become 1.2TeV and 700 GeV for tan = 20, and 1.4 TeV and 1TeV for tan 3 = 27. By
contrast, mgo and fir are not sensitive to tan g, e.g., mgo and jip may vary in the range

X X
of 50GeV S myo < 250GeV and 100 GeV < fir S 1TeV for any value of tan 5. The basic

EUSY is usually the dominant

reason for the phenomenon is that the WHL contribution to a
one. It depends on My, o, and jig, and is in particular proportional to tan 5. Therefore,
when tan § is relatively small, the invovled SUSY particles must be moderately light to
predict a sizable aiUSY. As a result, the left sides of the lower panels usually correspond
to a relatively small tan 8, and the right sides correspond to a large tan .

Figure 2 focuses on the DM physics of the hy scenario, which involves the parameters
A, K, Utot, and the masses of singlet-dominated particles, i.e., M0, Mh, and my,. It reveals
the following features:

. 2m>~<(1) > mp, + ma, for most of the parameter areas (see the upper right panel),
which implies that in the early universe, the Singlino-dominated DM might annihilate
into the singlet-dominated Higgs bosons hs and As. As pointed out in [116], this
annihilation proceeded by the s-channel exchange of Z boson and CP-odd Higgs
bosons and the t-channel exchange of neutralinos. If the t-channel contribution to
the annihilation rate was much larger than the s-channel contribution, |x| ~ 0.15 x
(mi(f /300 GeV)'/2 could predict the measured abundance, while if the interference of
the two contributions was significantly constructive/deconstructive, a smaller/larger
|| could be fully responsible for the abundance. Given that 0.05 < |k| < 0.25 on the
upper left panel, we infer that the process played an important role in determining
the abundance. In addition, it was verified in fewer cases that 2mgo < mp, +ma,
and/or |k| < 0.1, so that the DM obtained the measured abundance mainly by co-
annihilating with the Higgsino-dominated electroweakinos or p-type sleptons.

e The SI and SD cross-sections of DM-nucleon scattering may be as low as 1075 cm
and 1074 cm, respectively (see the lower left and right panels). The SD scattering
proceeds only through the Z-mediated Feynman diagram, and the rate is proportional
to (\v/ptot)* [116]. Thus, it is a small A, e.g., A ~ 0(0.01), that is responsible for
the low SD cross-section (see the upper left panel). By contrast, the SI scattering
is induced by three CP-even Higgs bosons, and it is the cancellation of h- and h-
mediated contributions that mainly accounts for the small SI cross section [115].

The DM physics in the hy scenario differs from those of the h; scenario, which were
presented in figure 2 of [67], in three aspects. The first is that the DM is relatively light,
ie., 50GeV S Mo < 250 GeV for the hy scenario and 150 GeV < Mo < 650 GeV for the hy
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Figure 3. Violin diagrams showing the mass distributions of the singlet Higgs bosons, the elec-
toweakinos, and p-type sparticles. Smuons are labeled by their dominated component. The violins
are scaled by count. The thick vertical bar in the center represents the interquartile range with the
white dot denoting the median, and the long vertical line indicates the 95% confidence interval.

scenario. Two reasons may explain this phenomenon. One is that ’mfc?‘ must be less than
Utot, and as shown in figure 1, a moderately small p0 is experimentally preferred for the hg
scenario. The other reason is that \m>~<9| must be larger than (mp, +ma,)/2 for most cases
to proceed to the annihilation Y0¥} — hsA,. A relatively light ¥} can meet this condition
in the hy scenario (see the previous discussions). The second one is that || is less than 0.25
in the ho scenario, while it is less than 0.4 in the h; scenario. The underlying reason for this
is that a smaller || can be fully responsible for the measured abundance in the hy scenario.
The last aspect is that A in the ho scenario may reach about 0.2, while it is at most 0.1 in the
hi scenario. This is because the cancellation effect in the SI scattering is usually significant
in the hg scenario, and consequently, a larger A is still allowed by DM DD experiments.

In figure 3, the mass distributions of the singlet-dominated Higgs states and the SUSY

particles relevant to aEUSY

are shown by a series of violin plots, which combines the advan-
tages of the box plot and probability density distribution plot [165]. This figure shows that
all SUSY particles except for X9 tend to be lighter than 500 GeV, and in particular, 3, X3,
and )Zli are lighter than 500 GeV for nearly all samples obtained in the scan. The fundamen-
tal reason for the phenomenon, besides the explanation presented before, arises from the
fact that a low tan 3 is preferred to predict the hy scenario. This tendency, once combined
with the requirement of a sizable aEUSY, will necessitate light SUSY particles.” Given that
these electroweakinos can be richly produced at the LHC, they have been restricted by

searching for multi-lepton signals. This issue will be intensively studied in the following.

"Without the a}”SY requirement, Y9 may be very massive (e.g., |m)~(c1)| > 300 GeV [116]). In this case,
the LHC constraints are significantly weakened.

~16 —



3.3 LHC constraints

To comprehensively study the constraints from the LHC search for sparticles on the ob-
tained parameter points, the following processes were analyzed in the Monte Carlo (MC)
event simulation as given by equations (3.4):%

pp— XiX;,  i=2,3,45 j=1,2
PP XX, =12

o (3.4)
pp—>X@X]a Z’]:2737475;

pp = fifly, 1,5 =1,2;

In the calculation, the cross-sections of /s = 13 TeV were obtained at the next-to-leading
order (NLO) by the package Prospino2 [166]. The MC events were generated by the
package MadGraph_aMCONLO [167, 168] with the code PYTHIA8 [169] for parton showers,
hadronizations, and sparticle decays. The event files were finally input into the package
CheckMATE-2.0.29 with the code Delphes [170] for detector simulation.

For each point, 105 MC events were generated in the simulations, and the LHC analyses
listed in table 1 were used to test it. In particular, the following LHC analyses were included
in our study, which played a crucial role in constraining the scenario:

1. The search with the ATLAS detector for chargino and slepton pair production with
two lepton final states in /s = 13TeV pp collisions (Report No. CERN-EP-2019-
106) [85].

2. The search with the ATLAS detector for chargino-neutralino pair production with
involved mass splittings near the electroweak scale in three-lepton final states in pp
collisions at /s = 13 TeV (Report No. CERN-EP-2019-263) [84].

3. The search with the ATLAS detector for the direct production of electroweakinos in
final states with one lepton, missing transverse momentum and with a Higgs boson
decaying into two b-jets in pp collisions at /s = 13TeV (Report No. CERN-EP-
2019-188) [86].

4. The search with the ATLAS detector for chargino-neutralino pair production in final
states with three leptons and missing transverse momentum in /s = 13TeV pp
collisions (Report No. CERN-EP-2021-059 ) [90].

5. The combined search with the CMS detector for charginos and neutralinos (Report
No. CMS-SUS-17-004) [88].

6. The search with the CMS setector for final states with two oppositely charged same-
flavor leptons, jets, and missing transverse momentum in pp collisions at /s = 13 TeV
(Report No. CMS-SUS-20-001) [91].

8In the compressed spectrum case, relevant processes with additional jets were also considered in the
simulations.
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Name Scenario Final State Luminosity(£b™*)

ATLAS-1909-09226 [86] BRFE = Whi 10+ h(h — bb) + Exiss 139
CMS-SUS-20-001 [91] WBxE->wzly 20+nj(n>0)+ERiss 137
ATLAS-1912-08479 [84] BRF-wxizgd 30+ Erpiss 139
ATLAS-1908-08215 [85] Zi—jfx?ix? o 20+ Eiss 139
X1 X7 (Xi —v/ol)
ATLAS-2106-01676 [90] BXE WO ZOIYWhRIRY 304+ ERss 139
XoxX = WZAA wlil
ATLAS-1803-02762 [171] XEXT = vivl nf (n>=2) + Emiss 36.1
00— 09058
39— 2q%924%3 (—~G)
39— 251 (= 7G)24x3 (= ZG)
ATLAS-1802-03158 [172] GG — g3 (= &)t (=~ G) ny (n>=1) + nj(n>=0) + EF* 36.1
XX = Z/h W RS
X - waiwd
00— ex90%3
ATLAS-1712-08119 [173] (Wino)x3xs —» WZxix? 20+nj(n> =0)+Eps 36.1
(Higgsino) X%y + Xi X; + XX
CMS-SUS-17-004 [88] ng%zc - WZ}C? X?’W~H~X?X? - . nl(n>0)+ERss 35.9
XiX1 = ZZGGHZGG,HHGG
XE = vlll ol 7Vl V7T
CMS-SUS-16-039 [174] BxE > Wz WHRR nl(n>0)+nr(n> =0)+EF* 359
W - Z22GG,HZGG,HHGG
it — bR
CMS-SUS-16-048 [175] P AR P nl(n> =0)+nb(n> =0)+EF"™ 35.9
(Higgsino) X937 /XY
T — by Ty nl(n> =0)+nb(n> =0)
CMS-SUS-PAS-16-025 [176]  5%F — W*Z*9%? +nj(n> =0)+Epis 12.9
(Higgsino) ¥5%5 /X1
ATLAS-CONF-2016-096 [177] X (= b/ 70) nl(n> =2)+ERis 13.3

XiXO(XG — lv /ot X8 — 00 /iw)

Table 1. Experimental analyses considered in this work. Some of them were implemented in
CheckMATE-2.0.29 by us. In particular, the validation of the very recent analysis, ATLAS-2106-
01676 [90], was presented in appendix B of this work.

The quantity R was used to describe the LHC’s limitation on the samples in the dis-
cussion. It is defined by R = max{S;/ Sgﬁsvi}, where S; stands for the number of simulated
events in the i-th signal region (SR) of all the included analyses, and Sggs,i represents cor-
responding observed 95% confidence level upper limit. Accordingly, without considering
the involved uncertainties, R > 1 represents that the considered parameter point is ex-
cluded due to the inconsistency with the LHC limit. Otherwise, it is allowed by the LHC
searches [108].

The collider simulation results given by CheckMATE implied that the LHC searches for
SUSY set strong restrictions on the hy scenario of the uNMSSM. In order to display the
analysis results clearly, the points were classified by NLSP’s dominated component, which
may be fir, Uy, B, W, or H. The Histograms of R-value distribution for the different NLSP
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Figure 4. The Histograms of R-value distribution for the different NLSP types. Panels from left
to right and top to bottom correspond to the results for the points that NLSP are jigr, U,-, B-,
W-, and H-dominated, respectively. The last panel shows the distribution for all the points. The

SUSY
m

magnitude of a is expressed in terms of its deviation from the FNAL measurement center

value and is shown by different colors: turquoise for (—30, —20), orange for (—20, —10), pink for
(=10,00), green for (0o, 1), blue for (1c,20), and violet for (20, 30).

types were displayed in figure 4 from left to right and top to bottom, respectively. Points
colored by turquoise, orange, pink, green, blue, and violet correspond respectively to the
cases that aEUSY are in the range of (=30, —20), (—20,—10), (—10,00), (00, 10), (10,20)
and (20,30). The results were also summarized in table 2, which includes the number of
samples obtained by the scan (denoted Niot), that satisfying R < 1 (denoted by Npass)s
and the more detailed classification of Nyt and Npass by the ranges of aEUSY.

According to table 2 and figures 4, the following conclusions are inferred:

« Among the five types of NLSP, the H-dominated NLSP is the easiest one for ex-
plaining the discrepancy in the hy scenario, and by contrast, the B-dominated NLSP
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NLSP H B W fir 7y
Nt | Npass | 15356 221 | 756 12 | 3116 4 | 3304 2 | 3408 9
Nusvsv € (=30,—20) | 1728 33 | 92 0 | 364 1| 406 0| 271 3
Ngsvsv € (—20,~10) | 2370 17 | 126 0 | 518 0| 527 0| 449 2
Ngsvsv € (1o, 00) | 4380 15 [ 196 0 | 926 0| 899 0| 1059 1
Nusosv € ( 0o, lo) | 3497 6 | 135 0 | 721 0| 632 0] 851 1
Nysosv € (1o, 20) | 982 0 |48 0 | 200 0| 216 0] 242 0
Ngsvsv € ( 20, 30) | 462 0 |21 0 | 79 0] 100 0] 122 0

Table 2. Numbers of the samples classified by NLSP’s dominant component. Ni, denotes the
total number for each type samples, which were obtained by the scan and sequently surveyed by MC
simulations, Npaes represents the number of the points satisfying R < 1, and NaEUSY corresponds to

further classifications of Niot and Npass by the magnitude of aEUSY. It was verified that the R-values
were always larger than 0.4, which means that all the samples are to be tested at high-luminosity
LHC, and that all samples passing the LHC constraints were characterized by |m>2<1u| > 110 GeV.

is the least preferred one (see Nio in table 2). The LHC restrictions are extremely
strong in excluding parameter points for any type of NLSP (see Npass in the table). In
particular, they are strengthened significantly once the scenario is required to explain
the discrepancy at 3o level (see NGEUSY in the table). Specifically, it takes dozens of
parameter points with H-dominated NLSP and only few points with V,,-dominated
NLSP to interpret the discrepancy at the 3o level. This situation reflects the diffi-
culty of the hs scenario in explaining the discrepancy. One fundamental reason comes
from the fact that the scenario prefers a relatively small tanfs and ptot, and hence

moderately light sparticles are predicted to obtain a sizable aEUSY.

It was verified that, among the experimental analyses, the analysis 4 usually sets the
tightest constraints. In the case that the parameter points predict sizable signals
with four or more leptons, analysis 5 could also impose the strongest restriction.

e In the case of jigr- or 7,-dominated NLSP, Wino- and Higgsino-dominated elec-
troweakinos will decay mainly into leptonic final states via slepton and/or sneutrino,
which proliferates the lepton signals. As a result, R can reach 100 for lots of points,
which is shown on the top left and right panels in figure 4. In addition, the LHC
constraints on the fir-dominated NLSP point are usually tighter than those on the
7,,~-dominated NLSP point because neutralinos will decay by o — pEpT — Xt
for the former case and by X9 — a*uT, Duv — O, Xvv for the latter case. The
former case can produce more p leptons.

e In the case of B-dominated NLSP, although most parameter points correspond to
R < 20, there are still a few points that predict R > 80. It was verified that
the dominant decays of Y9 include {9 — %2 () 5((1)]11,27 Wptp~, and smuons decay
mainly by fi1 2 — px2 for most points. If the kinetics is allowed, other heavy sparticles
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Benchmark Point P1

Benchmark Point P2

A 0.059 my, 30.4GeV
K -0.12 ma, 209.3 GeV
tang 24.99 my, 124.7 GeV
m 170.5 GeV mpy 1053 GeV
ot et 200.5 GeV may, 1052 GeV
A¢ -2284 GeV mygg -126.6 GeV
A 231.6 GeV myg 194.6 GeV
M -767.1GeV mgg -210.0 GeV
M. 429.0GeV myg 468.1 GeV
my, 524.7GeV myo -770.6 GeV
mg 525.9 GeV m;; 198.1 GeV
a5UsY 1.99% 107" m s 468.6 GeV
Qn? 0.085 mp, 531.4 GeV
ot 1.40x 10~ em? myy 532.7 GeV
oSP 4.30 x 10"**em? my, 525.5 GeV

A

K

tang

I

ot pest

my,
mg
ail‘sv
Qn?
ot

D
on

0.094 my,

-0.17 ma,

12.75 my
157.6 GeV my
195.7GeV may
2078 GeV m 9
158.4 GeV mgo
957.8 GeV mgo

91.0 GeV
180.2 GeV
124.8 GeV
1023 GeV
1023 GeV

-136.5 GeV/

156.6 GeV

-209.6 GeV/

4.41x10"%em® my,

217.8GeV myo 281.1 GeV/
322.6 GeV myo 961.1 GeV
306.6 GeV m 160.6 GeV

i
251x1077 m s 284.6 GeV/

2
0.099 mj,, 329.1 GeV
4.93x10™*em? my, 193.8 GeV/
319.0 GeV/

N11,N12,N13,N1g, Ny
Na1,N22,Na3, Nog, Nos
N31,N32, N33, N3a, Nas
Na1,Na2,Naz, Naa, Nus
Ns1,N52,N53,N54, N5

0.005, 0.010, 0.046, 0.077, -0.996
-0.032, -0.216, 0.709, -0.670, -0.021
0.053, 0.082, 0.697, 0.705, 0.088
-0.008, 0.973, 0.098, -0.209, -0.002
0.998, -0.004, -0.014, -0.06, -4.7E-05

Ni1,N12,N13,N1g, Nus
Na21,N22, N2z, Nog, Nos
Ni31,N32, N33, N3a, Nas
Na1,N42,Naz,Nag, Nys
Ns1,N52,N53,Ns4, Nss

-0.005, 0.029, 0.09, 0.141, -0.986
0.03, -0.586, 0.631, -0.506, -0.032
-0.024, 0.117, 0.682, 0.702, 0.166
0.033, 0.801, 0.359, -0.478, -0.012
0.999, -0.005, -0.014, 0.049, -1.63E-05

Annihilations

Fractions|%)

Annihilations

Fractions[%)]

XY = hoAs/hshs 98.1/1.3 KXY = hoAs/hshs 86.0/4.5

Decays Branching ratios(%] Decays Branching ratios[%)]
=Xz 100 X=Xz 100

X3 = Xthe /2% 95.8/3.9 X XEW 82 X8 2 64.0/34.1/1.9
W= XEWT 82/ 52/ %5 56.7/20.5/16.8/1.9 WoxEwT Nz 96.8/2.4

X8 = W o/ i 1™ /X8 2/ 80/ 82/ X3hs
o= aw

Xz = W /RWE/XFZ/%h

fi = X5 v/ XA X3 /80

fis = X v /XA /00 /R X v

7= ST /X 1 /X80 /5

24.8/23.7/19.1/12.3/10/3.6/2.0
100

26.7/26.4/25.6/20.5
41.5/20.1/14.9/3.9
46.0/22.3/10.8/5.9
47.2/27.2/14.5/10.4

X8 = i 1 ) ov | BE T JXEWTF JXEWT XS Z/ R/ X0R/ XS 46.6/11.9/11.3/9.0/5.7/5.5/3.5/2.4/1.6

=AW/ B

X - BWE/TZ/8W

Ji = X3 v/ Xu™ X v/t

i — XS /X v /X1 R X v
V= X 1T X80/ Xa 1 /00

99.1/0.9
57.5/36.2/5.2
47.8/29.7/14.2/4.5
48.0/36.2/9.6/3.4/1.8
65.7/24.9/5.0/3.6

R value

0.84

R value

4.14

Table 3. Detailed information of two benchmark points consistent with the DM and Higgs experi-
ments. The point P1 is allowed by the LHC search for SUSY, while the point P2 has been excluded.
Both of them predict aISLUSY ~ 251 x107°.

prefer to decay dominantly into ¥ since they couple to X3 by non-suppressed gauge
couplings. For points with R > 50, Y3 — X{utp~ is usually the largest decay channel
of X9, and the strongest constraints come from the analysis of four or more lepton
signals in analysis 5.

In the case of W-dominated NLSP, most points predict R < 20, but in very rare case R
may reach 70. Detailed study indicated that ¥y decays mainly by ¥ — Y2 () )Z(l]hm
for most points, and ¥ — Xutu~, ¥{vv are the dominant decay only for a small
portion of the points. It also indicated that ﬁc decays mainly by ﬁc — )Z?W(*)
for nearly all points, and smuons decay in a complex way, e.g., any of the channels
p—XuG=1,---,5), X12v may be the dominant decay.

It is notable that R in the W-dominated NLSP case can not be exceedingly large. This
conclusion comes from the fact that the 1W-dominated electroweakinos are forbidden
to decay into sleptons directly, and thus, even in the optimum case, the lepton signal
from the decay X9 — a**u™ — ¥{utp~ is not much larger than the other final states.
Consequently, pp — )ngdt, which is the largest sparticle production process, can not
generate tri-lepton signal events efficiently. This feature results in a smaller signal
rate than the B-dominated NLSP case, where the Wino-dominated electroweakinos
may decay far dominantly into leptons.
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Figure 5. Same as figure 1, but for the results of the GNMSSM. The best point is located at
tan 8 ~ 10.9, mgo = 42.8GeV, ot ~ 160 GeV, My ~ 473 GeV, my, ~ 164GeV, and my, ~
143 GeV.

« By considering the H-dominated NLSP case it was found that the decay modes
of %9, )Zf and i1 2 are similar to those of the W-dominated NLSP case, and the
LHC constraints tend to be weaker than the other cases. This observation may be
understood from four aspects [67]. First, since the H-dominated 2873 and Xi can not
decay into sleptons, the leptonic signal rate is usually much smaller than the case
where fir or 7, acts as NLSP. Second, the collider sensitive signal events are often
diluted by the complicated decay chains of sparticles, given that heavy sparticles
prefer to decay into the NLSP or other non-singlet-dominated sparticles first. They
are diluted also by the decays 928’3 — XVhs, XA, given that Br(hs/h — £*£T) is much
smaller than Br(Z — ¢*¢T). Third, the interpretation of Aay, requires that all crucial
sparticles are usually in several hundred GeVs for a not too large tan 5. Thus, for the
parameter points surviving the LHC constraints, the mass splitting between sparticles
is not large enough to produce high-pr signal objects, which can be significantly
distinguished from the background in the collider. Last, in some rare cases, the
leptonic signal of SUSY may mainly come from the NLSP. For this situation, the
discussion of the LHC constraints can be simplified by considering the system that
only contains NLSP and LSP. From this, it is evident that the constraints on the
H-dominated NLSP case are significantly weaker than those on the W-dominated
NLSP case. In fact, we once scrutinized the property of all the samples surviving the
LHC constraints. It was found that the above factors applied to these samples.

In order to emphasize the characteristics of the parameter point with H-dominated
NLSP, two benchmark points, P1 and P2, are chosen to present their detailed information
in table 3. Both points satisfy the DM constraints and can explain the a, discrepancy at
20 level. The P1 point survives the LHC constraints, while the P2 point has been excluded
by the LHC search for SUSY. These two benchmark points verify part of the discussions
in this work.
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Figure 6. Same as figure 3, but for the results of the GNMSSM.

NLSP H B w fiR 7
Niot | Npass | 11753 21 [ 470 0 [ 1259 0| 867 02041 0
Ngsvsv € (=30,—20) | 1519 5 | 67 0| 105 0| 92 0| 104 0
Nugvsv € (=20,~10) | 2113 3 | 97 0| 180 0 |154 0| 270 0O
Ngsvsv € (=lo, 00) | 3777 1 | 137 0| 448 0314 0| 906 0
Ngsvsv € ( 0o, lo) | 2462 0 | 83 0| 361 0| 180 0| 578 0
Ngsvsv € (1o, 20) | 499 0 | 27 0| 65 0|26 0| 117 0
Nysosv € (120, 30) | 224 0| 14 0] 19 0|35 0] 14 0

Table 4. Same as table 2, but for the results of the GNMSSM. All samples predict R > 0.4, thus
they are to be tested at high-luminosity LHC. Moreover, all samples passing the LHC constraints
are characterized by |mgo| 2 150 GeV.

Finally, it should be noted that the LHC search for r-leptons plus missing momentum
signal, such as the ATLAS analyses in [178] and [179], was not considered because of the
massive 7 assumption in this study. Specifically, the assumption implies that the 7-leptons
mainly come from the decay of the W/Z or Higgs bosons, which are the decay products
of parent sparticles. For the former case, the final states containing e and/or p are more
efficient than the 7 final state in restricting SUSY mass spectrum since all the lepton signal
rates are roughly equal. For the latter case, the 7 signal is usually less crucial in SUSY
search because the branching ratio of the Higgs decay into 77 is significantly small (in
comparison with 7 decay). With the codes for the analyses in [178] and [179], which were
implemented in our previous work [164] and CheckMATE-2.0.29, respectively, we studied
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their prediction of R for the two benchmark points. We found that the analyses do not
affect the results in table 3. As an alternative, if 7 or all sleptons are assumed to the NLSP
(see, e.g., [41]), the production rate of the e/p final states will be affected. In this case, R
should be recalculated. In particular, the experimental analysis of the 7 final state must
be included in the study. It is expected that the LHC constraints are still strong because
the ho scenario is featured by moderately light Higgsinos.

4 Explaining Aa, in the h; scenario of GNMSSM

The impact of the muon g-2 anomaly on the hs scenario of the GNMSSM is studied in
this section. For this purpose, the parameter space including |¢/| < 1TeV, —10° TeV? <
m/s? < 106 TeV?, and that in eq. (3.1), were scanned in a way similar to what we did in
section 3. It was found that the DM was Singlino-dominated for all the obtained samples,
and it annihilated mainly by a resonant Z, h, or hs/As to obtain the measured abundance.
These channels contributed to the total Bayesian evidence by about 43%, 19.6%, and 37%,
respectively, before the MC simulations were implemented. The basic reason for such a
behavior is that ¥, my, and m4, in the GNMSSM can be changed freely by tuning u/,
A, and mng, respectively. Thus, the annihilations could easily happen. Given that the
GMSSM might have different key features from the uNMSSM, various PL maps of the
GNMSSM were surveyed in this study.

In figure 5, the two-dimensional profile likelihood function was projected onto tan 5 —
Mot and Ms — pior planes. They show that the GNMSSM results are quite similar to the
uNMSSM predictions. In particular, po: and My have upper bounds of about 310 GeV
and 300 GeV, respectively.” The fundamental reason for this, as was emphasized before, is
that the hg scenario prefers moderately small pior and tan 5 to predict mp, < 125 GeV and
ho to be SM-like, which was verified by the posterior probability distribution function of the
samples obtained from the scan. This characteristic, once combined with the requirement
to explain the anomaly, will entail certain moderately light sparticles. In figure 6, the violin
diagrams for the mass spectrum of the singlet-dominated Higgs bosons, the electroweakinos
and u-type sleptons are shown. The profiles for the sparticles are quite similar to those
in figure 3 for the uNMSSM results, except that ‘mi(ﬂ can be as low as several GeV. This
difference mainly comes from the DM annihilation mechanisms, and it usually makes the
LHC’s constraints much stronger.

9We inferred that the 20 CI of the uNMSSM covers a broader region on the parameter planes than
that of the GNMSSM by comparing figure 5 with figure 1. This is contrary to the common sense that
the former should be narrower than the latter since the parameter space of the uNMSSM is only a subset
of the GNMSSM’s parameter space. This phenomenon originates from the MultiNest algorithm utilized
in the scan, which mainly collects the samples contributing significantly to the Bayesian evidence [135].
The parameter points of the uNMSSM correspond to x' = 0 and m/s? = 0, and are relatively unimportant
for the evidence, which was verified by the study of the two-dimensional posterior probability distribution
function, P(p',m’s?) [163]. Thus, only a few of them were considered in the sampling. It is expected that,
with the increase of the setting niive, more samples of the GNMSSM will be collected, which will broaden
the CI regions [164]. This process, however, is very computationally expensive, since a high-dimensional
parameter space is surveyed.
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In table 4, the numbers of the samples surveyed by MC simulations and those passing
the LHC constraints were presented in a way similar to table 2. This table shows that the
LHC analyses have strongly constrained the parameter space of the GNMSSM.

5 Conclusion

The recent measurement of a, by the FNAL corroborates further the long-standing dis-
crepancy of CLEXP from aﬁM. It can not only reveal useful information of the physics beyond
the SM, but also place strong restrictions on certain theories. Recently, implications of the
discrepancy were comprehensively discussed with respect to the GNMSSM, which is a the-
ory that has the following attractive features: it is free from the tadpole problem and the
domain-wall problem of the Z3-NMSSM, and it is capable of forming an economic secluded
DM sector to naturally yield the DM experimental results [116]. It was found that the h;
scenario of the GNMSSM could easily and significantly weaken the constraints from the
LHC search for SUSY. It also predicted more stable vacuums than the Z3-NMSSM. As a re-
sult, the scenario can explain the discrepancy in a broad parameter space that is consistent
with all experimental results, and at same time keeps the electroweak symmetry breaking
natural [67]. By contrast, it is difficult for the popular MSSM and Z3-NMSSM to do this.

These theoretical advantages inspired us to consider the hs scenario of the GNMSSM,
which is another well-known realization of the theory. It was shown by analytic formulae
that, in order to obtain my, < 125GeV and an SM-like hy without significant tunings of
relevant parameters, the scenario prefers a moderately light pit and tan 8 < 30. This
characteristic, if combined with the requirement to account for the anomaly, will entail
some light sparticles, and sequentially make the LHC constraints rather tight. In this
work, this speculation was tested using numerical results. Specifically, a special case of
the GNMSSM called uNMSSM was first studied by scanning its parameter space with
the MultiNest algorithm and considering the constraints from the LHC Higgs data, the
DM experimental results, the B-physics observations, and the vacuum stability. Then, the
samples obtained from the scan were surveyed by the LHC analyses in sparticle searches.
Through sophisticated MC simulations, it was found that only a dozen of the samples,
among about twenty thousand, passed the constraints, which corresponded to about 0.04%
of the total Bayesian evidence. Given that the scan results have statistical significance, we
conclude that the hy scenario of the pINMSSM is tightly constrained if it is intended to
explain the anomaly. A similar study was carried out for the GNMSSM, and it was found
that a smaller portion of the samples (about 0.008% of the total evidence) satisfied the
LHC constraints. This difference arises from DM annihilation mechanisms: for the former
case, the Singlino-dominated DM achieved the measured abundance mainly through the
process XX} — hsAs, while for the latter case, it was through a resonant Z, h, or hg/As
annihilation to obtain the abundance. Since the latter case usually predicts a relatively
light DM, the LHC constraints are stronger.

This work extends the research in [99] by considering a more general theoretical frame-
work with more advanced and sophisticated research strategies. As a result, the conclusions
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obtained in this work are more robust than those of the previous work, and apply to any
realizations of the NMSSM.
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A DM-nucleon scattering in the MSSM

In this section, we use analytic formulae to focus on Bino-dominated DM and study DM-
nucleon scatterings for three typical cases.
We begin with the neutralino mass matrix given by [180]:

vgic, vg1s
M 0 @ -tomes o
0 M2 vewgicg _ vewgisg
2s 2s
My =1 e we w W, (A1)
_ B wgics 0 _
D) 25w H
vg1sg _ vewgisg .
2 25w H 0

where g1 = 2Mzsw /v, s3 = sinf and ¢z = cos . In terms of neutralino mass, myo, the
eigenvectors are then exactly formulated by

(M2 _ m?(?) (M2 — m)zlg> — M2c, (mf(? + 2u3505)

—M%SWCW (mfc? + 2u5505)

(Mg — mf(?) (m;&Cg + ,LLSB) Mgsw

— (Mg — mf(?) (mi?sﬁ + ,u%) Mz sw
where

C; = M%c3, (mﬁ) + 2#%%) {M% ('m)z? + 2,u35c5) +2 (,u2 - m?(?) (mf(? - Mg)}

(= 00)" {3l [y +.02) + o] + (= 7))

Parameterizing the couplings of the DM to the SM-like Higgs boson, h, and Z boson as the
following form [26, 93]

Lyssm 2 Cg?g?hhi?f(? + CX?X?ZZ;LX?’YH’YB)NC%
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we obtain [112]

e tan6 2 .
Crogon = Tw (“2 - mfz?) (M2 - m>~<9> My [mﬁ) sin(f — «) + pcos(fB + a)] ,
e tanf, cos2f 2
Coozoz = 2151 (;ﬂ - mf{?) (M2 - m>2(13> M2, (A.2)

where « is the mixing angle of CP-even Higgs fields in forming mass eigenstates [94]. In
the decoupling limit of the Higgs sector, i.e., m4 > v, the SI and SD cross-sections of the
DM with nucleons are approximated by [112]:

Coo-0p \ 2 2
SI N —45 9 Xixih mp,
-y = 5 x 107 Fem < 0.1 ) (125GeV> ’ (A-3)
C~0~0Z 2
oy = o (S =

with ¢}, ~ 2.9 x 10~*' cm? for protons and C,, ~ 2.3 x 10~*! ¢cm? for neutrons.
In the following, we assume tan 3 > 1 and my4 > v so that o ~ § — 7/2 [94], and
SI

investigate the dependence of 0% N and a)%ODi y on parameter p for three cases.
1 1

e Case I: the DM co-annihilated with the Wino-dominated electroweakinos to obtain
the measured abundance, My and mgo are of same sign, and |u| is comparable with
|m>~<(1)|. In this case, My ~ 1.1 x mgo to obtain the measured DM abundance, and C;

is approximated by:
Cy ~ Mjc? (m~o+ Sin26)2~ 32 m? (A.5)
1 — M7Cy X5 2 — 170 )2(1) :
Consequently, Chfc?fc? and CZT(?)Z? are given by:

o mgo (MQ _ m?(?) (sin 26 + mifl)/u>

X(l)f(?h ~ 0.01 x etan 9w M%C%U
251771;0
~ £0.01 X etan Oy ——————-, A6
v (1 + 51)M%612U ( )
(12— m)
Ciog0z ~ 0.01 x etan 6, cos 2BW
61m?€0
~ 0.01 x etanf,, cos 23 L (A.7)
B M3e,

where 1 is parameterized by |u| = (14 51)|m>2(1) |, with d; denoting a small positive di-
mensionless number. These approximations indicate that the DM-nucleon scattering
rates increase monotonously as the DM becomes heavier and/or || departures from
\mifl)|. Specifically, for mgo = 210 GeV, which are the lower mass bound of the DM
from the LHC search for Wino-dominated electroweakinos in the compressed mass
spectrum case [90], we found that J; must be less than about 0.26 to be consistent
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with the XENON-1T data on SI cross-section. For mgo = 300 GeV, it must be less
than about 0.12. The Higgsinos in this narrow mass region contribute significantly
to lepton signals at the LHC and the DM relic abundance. They also affect a.
Consequently, such a situation needs tuning to satisfy all experimental constraints.

e Case II: the DM co-annihilated with the Wino-dominated electroweakinos to obtain
the measured abundance, and |u| is much larger than ]m2?| This case predicts [112]:

Cr = (it = i) (M = mgg) (A9
My (sin 28 + m;(g/u)
(1= mly/2)

M3
202 (1= m2y /1)

and consequently the scattering rates decrease monotonously with the increase of |u|.

QWgon = etan by , (A.9)

Crogoz =~ etan by, cos2f (A.10)

e Case III: the DM co-annihilated with the Higgsino-dominated electroweakinos to
obtain the measured abundance, and |Mp| is much larger than [mgo|. For this case:

C ~ (/J,2 — mfa))Q (M2 — m>~<<1)>2 + (Mg — m)”c(f)2 M%sfu (m?(? + p? + 2m>~((1)u sin 2ﬁ>

~ (u2 _ mfz(l))Q (M2 — mig)Q, (A.11)

where the second approximation is obtained by assuming ’mfc?‘ > myz. Thus, C)Z?)Z(f h
and C)Z?)Z(f » have same approximations as those in Case-1I. It should be noted that,
because m?(? /u? ~ 1, and consequently both C)??fc? 5, and Ci?%? - are enhanced by the

factor 1/(1 — m?{o /u?), the DM must be as massive as several TeV to be consistent
1
with the XENON-1T results.

B Validation of CERN-EP-2021-059 (ATLAS_2106_01676)

Within the framework of CheckMATE-2.0.29, our codes were validated for all Signal Re-
gions (SRs) in ATLAS_2106_01676 by considering ;zf;zg production at LHC. The masses
of other charginos and neutralinos apart from the bino-like ¥} and wino-like %9, >~<1i were
set to be 2.5TeV, and ¥y and )Zli decay were set as follows: X3 — XVZ/h, )Zli — X?Wi.
In the validation, 10° events were generated by the package MG5 aMC_v3 2 0 for the
parameter point (’I?’L)at /mxg,mﬁ)) = (300GeV, 200GeV).

In the proc_ card.dat, the following setting was implemented:

import model MSSM__ SLHA2 ——modelname

generate p p > n2 x1+, n2 > z > 1— I+ nl, x14+ > w+ > I+ vl nl

add process pp > n2 x1—, n2 >z > 1— I+ nl, x1— > w— > |— vl~ nl
add process p p > n2 x1+ jj, n2 >z > 1— I+ nl, x1+ > w+ > 14 vl nl
add process p p > n2 x1—j j, n2 > 1— 14+ nl, x1— > w— > 1— vl~ nl
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In the run_ card.dat, the following setting was implemented and the others are kept default:

100000 = nevents ! Number of unweighted events requested.
0 = ickkw ! 0 no matching, 1 MM
75.0 = ktdurham

In the param_ card.dat, we set the following information and others are kept default:

Block mass

1000022 2.000000e+4+02 # Mneul

1000023 3.000000e+02 # Mneu2

1000024 3.000000e+02 # Mchl

1000025 —2.50000e+03 # Mneu3

1000037 2.500000e+03 # Mch2

Block nmix # Neutralino Mixing Matrix M

1 1 9.86364430E—-01 # N_11"M
1 2 —5.31103553E—02 # N_12°M
1 3 1.46433995E—-01 # N_13™M
1 4 —5.31186117E—02 # N_14 M
2 1 9.93505358E—02 # N_21"M
2 2 9.44949299E—-01 # N_22°M
2 —2.69846720E—01 # N_23"M
2 4 1.56150698E—01 # N_24"M
Block umix # Chargino Mixing Matrix UM
1 1 9.16834859E—-01 # U_11"™M
1 2 —3.99266629E—01 # U_12°M
2 1 3.99266629E—-01 # U_21"™M
2 2 9.16834859E—-01 # U_22°M
Block vmix # Chargino Mixing Matrix VM
1 1 9.72557835E—01 # V_11"M
1 2 —2.32661249E—-01 # V_12°M
2 1 2.32661249E—-01 # V_21"M
2 2 9.72557835E—01  # V_22°M

In the pythia8_ card.dat, we set:

Merging:Process = pp>{ch1—,1000015}{ch1+4,—1000015}{n2, 1000023}
Merging:mayRemoveDecayProducts=on

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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Process pp— XX, X0 = WERYL 8 — Z%)
Point m(x5/XE,%7) (300, 200) GeV (600, 100) GeV
Generated Events 500,000

ATLAS CheckMATE ATLAS CheckMATE
Selection
L x o xBF 1760 1760 92 92
L x o x BF x filt.eff 1322 1322 69 69
3 isolated leptons
lepton  py>?® > 25,20,10 GeV 227 221.55 23.9 22.64
ERiss > 50 GeV
nsros > 1 226 221.55 23.7 22.64
Trigger selection 222 221.55 23.3 22.64
Nb—jets =0 209 205.99 21.9 20.92
Resonance veto myge > 12GeV 209 205.11 21.9 20.91
|mae —mz| > 15GeV 203 196.61 21.7 20.78
mee € [75,105] GeV 196 187.62 20.1 19.06
Njets = 0 76.4 82.99 7.72 7.98
mr € [100,160] GeV 26.7 29.19 0.9 0.97
SRWZ_1 20.9 21.25 0.09 0.12
SRWZ_2 4.86 6.93 0.11 0.14
SRWZ_3 0.78 0.78 0.16 0.15
SRWZ_4 0.14 0.23 0.54 0.55
mT > 160GeV 5.80 5.43 5.11 5.75
SRWZ_5 4.64 5.23 0.37 0.5
SRWZ _¢ 0.16 0.10 0.49 0.56
SRWZ _7 0 0.07 2.21 2.53
SRWZ_8 0 0 2.14 2.15
Njets > 0, Hr < 200 GeV 97.5 91.92 9.9 9.07
mr € [100,160] GeV 29.6 32.82 1.19 1.13
SRWZ_9 8.75 9.90 0.17 0.18
SRWZ_10 3.46 4.45 0.32 0.35
SRWZ_11 0.54 0.36 0.15 0.15
SRWZ_12 0 0.03 0.38 0.35
mr > 160GeV 9.50 8.56 6.80 6.45
SRWZ_13 7.19 6.70 0.49 0.49
SRWZ_14 1.53 1.87 1.37 1.49
SRWZ_15 0.09 0 2.77 2.72
SRWZ_16 0 0 1.69 1.75
Njets > 0, Hr > 200 GeV 22.2 17.33 2.40 2.25
HP < 350 GeV 20.9 16.32 0.65 0.51
mr > 100GeV 10.8 8.29 0.47 0.49
SRWZ_17 2.53 2.06 0.02 0.05
SRWZ_18 3.12 3.24 0.11 0.13
SRWZ_19 1.09 0.56 0.12 0.13
SRWZ_20 1.13 0.16 0.13 0.14

Table 5. Cutflow validation of the ATLAS analysis atlas_2106_01676 for mass point
m(Xi /X8, X9) = (300,200) GeV and m(xi /X3, X9) = (600, 100) GeV.
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Table 6.

Process o0 ORE XE = AR B = b
Point m(x3 /%%, %Y%) (190, 60) GeV
Generated Events 500,000
ATLAS CheckMATE

Selection
L xoxBF 10927 10927
L x o x BF x filt.eff 1174 1174
3 isolated leptons
lepton  pr*® > 25,20,10 GeV 192 172.23
ERss > 50 GeV
Trigger selection 186 172.23
Mo —jets =0 171 161.34
nsros > 1 137 122.22
Resonance veto myge > 12GeV 133 114.87
|mse —mz| > 15GeV 110 92.51
myee < 75GeV 56.2 55.74
Njets =0 (SRIOW my—0j) 22.3 30.30
SR — 8.26 11.03
SRIN G —2 1.57 1.03
SRIM -3 0.50 0.59
SR — 5.97 6.32
SR — 0.64 4.41
SR — 2.67 2.5
SRV — 2.75 4.41
Njets > 0 HT <200GeV  (SRWI my—nj) 26.5 22.65
SRS — 2.95 2.50
SR — 5.28 5.00
SR —10 1.59 2.50
SRIMs —11 0.63 1.18
SR —12 5.55 3.23
SR —13 2.91 3.83
SR —14 0.68 0.44
SR —15 5.48 2.65
SRY: . —16 1.39 1.32
NSFOS = 0 34 38.82
Njets =0 14.8 22.80

2 >15GeV 12.2 19.71
ERSSsignificance > 8 5.36 7.94
AROS near < 1.2 4.73 5.74
Njets € [1, 2] 15.6 14.56

8 >20GeV 9.4 10.74
EXisssignificance > 8 3.91 2.65
AROS mear < 1.0 2.84 1.18
SRR 7.57 6.91

Cutflow validation of the ATLAS analysis atlas_2106_01676 for mass point
m(Xi /X8, X9) = (190,60) GeV.
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X = WZR?  wino/bino(+) m(%E /%9, ¥9)=(250, 170)GeV
ATLAS CheckMATE

L x o x BF 3559 3559
L x o x BF x filt.eff 1638 1638
3 isolated leptons 384 434
b veto 367 408
Trigger 307 343
myg, myP* [GeV] <75 299 204

f1 2 gl 22 1 2 el 22
Common cuts SR?;}“‘,%
min[GeV] [40, 75] 239 162
lepton P}F’ZB[GeV] >15 189 134
FNP lepton cleaning 146 111
mJ*¥[GeV] 146 111
m" [GeV] [40, 60] 58.2 [60, 75] 87.6 47.2 64.0
mAP[GeV] 58.2 87.6 47.2 64.0
minAR 58.2 87.6 47.2 64.0
Cuts SRﬁf\fN"}’Ei —0j
nf} >30GeV 0 34.4 0 52.1 29.5 39.9
ERISS[GeV] <50 15.8 <50 26.6 9.7 15.7
ERisSsionif >1.5 13.5 >1.5 22.6 9.7 15.7
mye[GeV] >100 10.5 >100 21.0 6.7 13.8
mEPMGev] <60 592 >90 1.57 <60 11.3 >90 3.14 285 14 73 25
PP /RS <14 511 <14 144 <14 987 <14 299 273 136 7.1 24
Cuts SR’ — nj
nf}>30GeV >0 23.7 >0 35.4 17.7 24.0
ERISS[GeV] <200 21.2 <200 31.0 15.1 20.0
ERisssignif >3.0 17.9 >3.0 25.2 14.3 18.9
mpnml[GeV] <60 588 >90 T7.08 <60 8.86 >90 103 52 16 6.7 26
PP /ERss <1.2 435 <12 617 <12 715 <1.2 947 48 14 65 25
Cuts SRE‘E{%T —0j
lepton  P3>® [25, 15, 10] 274 202
m" [GeV] [40, 60] 91.8 (60, 75] 132 71.7 88.9
miY[GeV) <160 81.8 <175 131 63.6 87.7
nkt>30GeV 0 49.6 0 77.9 37.3 53.0
ERISS[GeV] >50 24.5 >50 37.1 23.4 32.5
ERisSsionif >3.0 23.4 >3.0 35.5 23.4 32.5
mprml [ GeV] <70 9.62 >90 8.00 <70 149 >90 121 131 50 168 7.6
Cuts SRYIVE — nj

f g f g

lepton plT»2~3 [4.5, 3] 299 205
m* [GeV] [40, 60] 100 (60, 75] 139 72 89.3
miP[GeV] <160 89.2 <175 138 64.3 88.0
nf 730GV >0 35.6 >0 56.7 26.7 34.8
ERSS[GeV] >200 3.78 >200 7.48 4.21 6.15
EPisssignif >3.0 3.78 >3.0 7.35 4.21 6.15
PP JERss <1.0 3.67 <1.0 7.22 4.21 6.15

Table 7. Cutflow validation of the ATLAS analysis atlas_2106_01676 for mass point
m(Xi /X3, X9) = (250, 170) GeV.
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TR = WZKY  wino/bino(+) m(%F/%9, ¥9)=(125, 85)GeV
ATLAS CheckMATE

L x o x BF 45634 45634

L x o x BF x filt.eff 16811 16811

3 isolated leptons 2660 3110

b veto 2550 2961

Trigger 1810 2051

myg, m)pP**[GeV] <75 1790 1867

b ¢ d e b c d e

Common cuts SR?OH‘:}AT

mB*[GeV] (12, 40] 1700 1755

lepton  Pp**[GeV] >10 1440 1112

FNP lepton cleaning 1120 936

m*[GeV] <60 1020 853

m* [GeV] [12, 15] 47.0 [15,20] 119 [20,30] 406 [30,40] 452 35.82 88.07 322 432

mi[GeV] <115 19.4 <120 747 <130 374 452 17.91 56.02 297.06 432

minAR <1.6 194 <16 732 <16 295 452 17.91 56.02 24833 432

Cuts SRV — 0

nk7>306GV 0 122 0 495 0 186 0 201 1173 4229 171.05 316

ERSS[GeV] <50 112 <50 429 <50 147 <50 242 10.31 36.13 12448 255

ERiSSsignif >1.5 857 >15 347 >15 123 >15 182 984 33.76 86.64 201

my[GeV] 8.57 34.7 123 182 9.84 3376 86.64 201

mpmm[Gev] <50 816 <50 326 <50 97.8 <60 158 6.06 21.9 5489 151

pieP /Fompiss <11 527 <11 227 <11 643 <13 138 558 219  39.32 123

Cuts SR;?;{\“,E'?[ —nj

nf77>30GeV >0 72 >0 238 >0 110 >0 161 618 1373 7728 116

ERIS[GeV] <200 652 <200 213 <200 102 <200 150 6.18 13.25 7536 113

ERsSsignif >3.0 472 >30 161 >30 763 >3.0 106 6.18 1229 60.23 92.92

mpl[Gev) <50 2.85 <50 10.7 <50 429 <60 657 143 281  9.85 22.06

PP /RS <1.0 254  <1.0 106 <1.0 365 <1.0 59.9 143 281 985 216

Cuts SRpIVE —0j

lepton  P3*? [25, 15, 10] 1170 896

my" [GeV] [12, 15] 44.0 [15,20] 120 [20,30] 422 [30,40] 541 29.36 8476 354 442

miP[GeV] <115 19.1 <120 763 <130 388 <140 540 14.7 5456 329 441

nf71 300V 0 1.6 0 496 0 239 0 341 993 4029 234 306

ERIS[GeV] >50 2.05 >50 103 >50 508 >50 67.0 142 7.62  60.61 72.13

ERISSsignif >3.0 1.80 >3.0 937 >30 461 >3.0 605 142 7.62 60.61 71.65

mPrGev) <50 1.74 <50 884 <60 433 <60 524 0 1.89 21.0 23.42

Cuts SR‘;?Q]:%T —nj

lepton  P1*? [4.5, 3] 1790 1867

my" [GeV] [12, 15] 83.5 [15,20] 207 [20,30] 661 [30,40] 746 94.63 222.02 744 784

mi[GeV) <115 348 <130 131 <120 607 <140 744 45.15 141.84 692 782

nff>80GeY >0 158 >0 527 >0 252 >0 287 10.86 3498 195 220

ERIS[GeV] >200 2.09 >200 5.85 >200 223 >200 243 0 1.89 957 718

ERISSsignif >3.0 209 >3.0 585 >3.0 223 >30 241 0 1.89 957 718

PP /RS <0.2 1.99 <03 539 <03 146 <03 138 0 1.41 4.3 4.3
Table 8.  Cutflow validation of the ATLAS analysis atlas_2106_01676 for mass point

m(%5 /%5, X7) = (125,85) GeV.
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X9 = WZx9%?  higssino

m(%3, ¥9)=(185, 125)GeV

ATLAS CheckMATE

L x o xBF 3912 3912
L x o x BF x filt.eff 1550 1550
3 isolated leptons 392 409
b veto 374 388
Trigger 280 304
mye, mIF*[GeV] <75 253 281

b c d e b c d e
Common cuts SR;’(%ZT
mit[GeV] [12, 40] 165 194
lepton  P3*?[GeV] >10 111 120
FNP lepton cleaning 85.2 99.9
my¥[GeV] <60 79.3 92.34
m* [GeV] (12, 15] 3.53 [15,20] 10.3 [20,30] 32.6 [30,40] 329 4.58 12.23 34.74 40.79
mi [GeV) <115 0.681 <120 561 <130 26.3 329 141 614 29.70 40.79
minAR <1.6 0.681 <16 555 <16 23.2 329 141 614 27.13 40.79
Cuts SRV — 0
kil =306V 0 0.534 0 384 0 133 0 21.3 105 436 19.31 27.78
Es[GeV] <50 0.465 <50 270 <50 747 <50 128 0.68 243 9.88 14.05
ERisSsignif >1.5 0.465 >15 237 >15 686 >1.5 11.6 0.64 226 907 12.96
m3e[GeV] 0.465 2.37 6.86 11.6 0.64 226 9.07 12.96
mpmlGeV) <50 0411 <50 222 <50 544 <60 946 0.64 206 778 11.35
PieP /RS <11 0275 <1l 147 <11 298 <13 804 040 085 3.51 8.08
Cuts SR,ﬁfNV}/EZTfnj
k7 >30GeV >0 0.147 >0 1.71 >0 991 >0 117 036 178 7.82 13.00
ERISS(GeV] <200 0122 <200 154 <200 8.99 <200 103 036 169 7.62 12.64
ERisSgignif >3.0 0.083 >3.0 111  >3.0 6.84 >3.0 833 028 153 656 10.13
mipinml[Gev) <50 0.066 <50 0.886 <50 4.62 <60 5.97 0.24 097 462 7.02
PP JERS <1.0 0.066 <1.0 0.78 <1.0 3.64 <1.0 453 016 093 352 5.69
Cuts SRPTVE —0j
lepton  P3*? [25, 15, 10] 152 156
m* [GeV] (12, 15] 3.83 [15,20] 11.5 [20,30] 36.9 [30,40] 41.9 4.87 13.17 37.52 47.27
mi [GeV] <115 124 <120 619 <130 305 <140 402 153 6.91 32.07 45.61
nf 780G 0 0.825 0 4.09 0 172 0 25.2 112 482 22.26 30.19
ERISS(GeV] >50 0.205 >50 175  >50 81  >50 11.3 044 239 11.71 15.29
ERissignif >3.0 0.205 >3.0 164 >3.0 779 >3.0 110 044 239 11.71 15.29
mpnm[Gev) <50 0.205 <50 154 <60 7.39 <60 10.1 044 2.23 1046 13.11
Cuts SRESYZT—HJ'
lepton  Pp*? [4.5, 3] 253 281
m* [GeV) (12, 15] 9.76  [15,20] 24.2 [20,30] 65.8 [30,40] 65.5 12.55 29.32 T74.62 T7.47
miP [GeV] <115 3.04 <130 132 <120 540 <140 621 414 151 62.99 74.35
nlf>30GeV >0 106 >0 450 >0 220 >0 228 105 516 19.07 24.07
ERisS[GeV] >200  0.086 >200 0.613 >200 222 >200 256 0 012 048 0.78
Efisssignif >3.0 0.086 >3.0 0513 >30 222 >30 25 0 012 048 0.78
PP /RS <0.2 0.086 <03 0336 <03 144 <03 165 0 008 028 045
Table 9. Cutflow validation of the ATLAS analysis atlas_2106_01676 for mass point

m(%7 /X3, X3) = (185,125) GeV.
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G = WZ%)  higssino

m(x3, ¥3)=(100, 40)GeV

ATLAS CheckMATE
L x o x BF 48276 48276
L x o x BF x filt.cff 16084 16084
3 isolated leptons 3760 4247
b veto 3620 4027
Trigger 2620 3165
myg, mp**[GeV] <75 2380 2916
b c d e b ¢ d e
Common cuts SRﬁwaETZT
m"[GeV] 12, 40] 1590 2012
lepton  PL2%[GeV] >10 1050 1241
FNP lepton cleaning 820 1037
mEx[GeV] <60 770 958
mi [GeV] (12, 15] 36.6  [15,20] 101 [20,30] 302 [30,40] 331 47.55 126.89 361 423
miP[GeV] <115 156 <120 591 <130 262 331 14.65 63.72 308 423
minAR <1.6 156 <16 586 <1.6 216 331 14.65 63.72 282 423
Cuts SR — 0]
nl] =306V 0 115 0 437 0 149 0 216 10.86 4529 200 288
ERISS[GeV] <50 101 <50 329 <50 103 <50 161 7.09 2517 103 146
ERsSsignif >1.5 8.03 >15 292 >15 926 >15 134 6.67 2349 9417 135
my[GeV] 8.03 29.2 92.6 134 6.67 2349 9417 135
mpin [ GeV] <50 741 <50 268 <50 802 <60 118 6.67 2140 80.76 118
PP /RIS <11 594 <11 80 <11 504 <13 100 416 8.82 3637 83.87
Cuts SR?;Q}Z —nj
nf] o306V >0 4.12 >0 14.9 >0 676 >0 115 3.78 1843 81.13 135
ERIsS[GeV] <200 412 <200 145 <200 649 <200 111 378 1759 79.03 131
ERsSsignif >3.0 281 >30 109 >30 456 >3.0 764 295 1592 68.09 105
mAl[GeV] <50 196 <50 9.6 <50 342 <60 609 252 10.05 47.91 72.83
PP /B <1.0 1.68 <10 734 <10 276 <10 444 1.69 9.64 36.57 58.96
Cuts SRﬁf;“h%T —0j
lepton  PL>? (25, 15, 10] 1350 1621
mi[GeV] (12, 15] 37.1 [15,20] 102 [20,30] 313 [30,40] 396 50.53 137 389 491
miY [GeV] <115 16.1 <120 63.0 <130 269 <140 382 1589 7176 333 473
k7 >30GeV 0 118 0 466 0 184 0 252 11.67 50.00 231 313
ERIsS[GeV] >50 123 >50 167  >50 682 >50 759 4.6 24.77 122 159
ERisSsignif >3.0 113 >30 162 >3.0 650 >3.0 725 46 2477 122 159
mm[GeV] <50 113 <50 162 <60 628 <60 685 4.6 2311 109 136
Cuts SRYVE —nj
lepton  Py? [4.5, 3] 2380 2916
mi [GeV] (12, 15] 99.4 [15,20] 233 [20,30] 621 [30,40] 640 130 304 774 804
miP[GeV] <115 424 <130 140 <120 537 <140 617 43.01 157 654 772
nl]> 306V >0 120 >0 370 >0 162 >0 200 10.89 53.57 198 250
ERISS[GeV] >200  0.376 >200 1.07  >200 7.12 >200 7.30 O 127 502  8.04
ERSSsignif >3.0 0376  >3.0 107 >3.0 695 >30 730 0 127 502  8.04
PP Rk <0.2 0.146 <03 0771 <03 437 <03 3.07 0 0.84 292 465
Table 10. Cutflow validation of the ATLAS analysis atlas_2106_01676 for mass point

m(YiE/x3,X?) = (100,40) GeV.
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