PHYSICAL REVIEW D 101, 095009 (2020)

Anomalous muon magnetic moment in the inverse seesaw
extended next-to-minimal supersymmetric standard model
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The present work investigates the possibility that both dark matter and the anomalous
magnetic moment of the muon may be explained within the context of the inverse seesaw extended
next-to-minimal supersymmetric Standard Model (ISS-NMSSM). In ISS-NMSSM, the newly
introduced Higgs-neutrino Yukawa coupling Y, provides additional Higgsino-sneutrino loop con-
tribution to (g —2),. If the deviation between the experimental observations and the Standard Model

predictions of the anomalous muon magnetic moment is confirmed by the further experimental and
theoretical studies, it can be explained naturally within the ISS-NMSSM framework without
conflicting with the current stringent limits on the direct detection of dark matter and Large Hadron

Collider searches.

DOI: 10.1103/PhysRevD.101.095009

I. INTRODUCTION

The anomalous magnetic moment of the muon a,
represents a rigorous test of the Standard Model (SM)
of particle physics. Here, a 3.5¢ discrepancy has been
observed between the high precision experimental
measurements of a, achieved by the Brookhaven
National Laboratory (BNL) E821 experiment [I] and
its theoretical calculation based on the SM [2-8].
Quantitatively, this discrepancy between the experimen-
tally measured value a;" and the theoretical value a;™
is given as [8—10]

Aa, = a;" — a5M = 268(63)(43) x 10711, (1.1)

where the number in the first parentheses is the cur-
rent experimental uncertainty from BNL E821, and the
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second is the total theoretical uncertainty.1 Mean-
while, the upcoming Fermilab E989 experiment [19]
is expected to improve on the precision of a," by a
factor of four compared to the BNL E821 experiment,
and therefore has the capability of providing a more
precise test on SM.?

The discrepancy Aa, also provides an excellent per-
spective for investigating the physics beyond the SM
(BSM). Various BSM mechanisms have been proposed
to account for Aa,. To our best knowledge, the proposed
mechanisms can be given as follows.

"The dominating limitation of the theoretical precision comes
from the uncertainty of the hadronic vacuum polarization (HVP).
The contribution of nonperturbative energy region HVP is
evaluated either from low-energy e*e™ — hadron cross section
or from hadronic z-decay due to an isospin symmetry. In the
Eq. (1.1), only the eTe™ annihilation data is included in the
estimation of HVP, while the 7~ — z~7"v, data is not taken into
consideration. Currently, although the error of ete™ data is
relatively small in comparison with the 7 decay data, the 7 lepton
plays an interesting and special role in testing SM and in
evaluating the HVP. Specially, the discrepancy Aa, based on
the z-data is only 195 4 83 x 107!, which deviates from the
experimental observation by 2.4¢ and about 2.2¢ from the e e~
data based prediction [11-13]. Compared with the ete™ based
result, the 7-decay based result is more supporting the hypothesis
that there is no (g —2), deviation [14-18].

’A 50 discovery level conclusion of Aa, not only needs
experimental effort, but also the advance in theoretical evaluation
accuracy, which requires a two times precision improvement of
aﬁM compared to the current estimation. Moreover, the explan-
ation of the discrepancy between the z-decay based and the e™e™
annihilation based extractions of the HVP contribution to a3™
also needs further verification.
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(i) Extra U(1) gauge extension of SM frameworks.
These include the dark Z model [20] and the lepton
flavor violating U(1) L-L. model [21-24] with an
L,—L, gauge symmetry and mzy > m,—m,,
where my is the mass of the Z’' gauge boson, m,
is the 7 lepton mass, and m,, is the muon mass. These
frameworks can account for Aa, under current
experimental constraints. In contrast, the dark pho-
ton model [25-27], U(1),_, model, and U(l)Lﬂ_Lg
model fail to explain Aa, under current experimen-
tal constraints [28].

(i) Two Higgs doublet model (2HDM) frameworks.
These include the aligned 2HDM with light neutral
Higgs bosons of masses 3 GeV < my <50 GeV
and 10 GeV <my <130 GeV [29-31], a muon
specific 2HDM [32] with an enhancement factor
tan f ~ O(1000), where tanf is the ratio of the
vacuum expectation values of the two doublet Higgs
fields, a lepton specific (Type-X) 2HDM [33-36], a
U(1)-symmetric 2HDM [37], and a u — 7 lepton
flavor violating 2HDM [38].

(iii) Supersymmetry frameworks. These include minimal
supersymmetric SM (MSSM) [39-41], vector-
like extended MSSM [42,43], and the minimal
R-symmetric supersymmetric SM (MRSSM) [44].°

Among these frameworks, supersymmetry (SUSY) explan-
ations are quite naturally applied to account for Aa,, because
they introduce an additional supersymmetric contribution

a3"8Y to a,, which is generically given as follows [45].
m2 da M
aSUSY ~ sgn(u) a(.mzz) . " tanp( 1 - aa, Msusy
8rsin“Oy Mgygy b2 m,

100 GeV

~sgn(u)130 x 10711 . (
) Msysy

>2tanﬂ (1.2)

Here, u is the Higgsino mass, a(my) is the fine-structure
constant, dy, is the Weinberg angle, and Mgqygqy 1S a
representative supersymmetric mass scale. This generic
form of a;;"3Y is proportional to m;;/ Mgy . The 1/ Mg qy-
SUSY reflects the decoupling properties of
SUSY, while its m2-behavior reflects a chirality-flipping
interaction between left-handed and right-handed muons.
In detail, the Yukawa coupling for muons Y, breaks the
chirality symmetry after electroweak symmetry breaking.
The value of Y, is enhanced in the MSSM by a factor
1/ cosp~tanf compared to its SM value, and this Y,
enters the Feymann diagrams contributing to @, in the
vertices where the muon chirality is flipped. Thus, super-
symmetric particles in the mass range 100-500 GeV could
be the source of Aa,,.

behavior of a

3In contrast to the MSSM, the enhancement factor tan f is
absent in the MRSSM.

The above-discussed favored mass range of supersym-
metric particles in the SUSY interpretation of Aa, should
be directly observable in the Large Hadron Collider (LHC).
The corresponding parameter space, in general, predicts
observable 37 + ET'* signals via the electroweak channel
pp — ;??)?ki and 27 + E™ signals via the direct slepton
search channel pp — ji*fiT and chargino pair production
channel pp — 777 [46]. However, for some explanation
mechanism in MSSM, recent studies have demonstrated
that this parameter space is seriously contracted during
direct SUSY searches conducted using the a toroidal LHC
apparatus (ATLAS) and the compact muon spectrometer
(CMS) at the LHC [47-49]. A recent revisit study shows
that the latest LHC constraints disfavor the MSSM param-
eter space smuons are lighter than charginos. So the
MSSM explanation of Aa, indicates that mj; > M= [50].

Accordingly, the two-loop contribution of a;"SY is often

taken into consideration to relax the parameter space to
some extent. Moreover, recent efforts to directly detect dark
matter (DM) and nucleon scattering have placed extreme
limits on the parameter space [15,51-70]. In addition,
MasterCode has been recently applied for obtaining the global
fitting results of the eleven-parameter MSSM (pMSSM11)
to constraints derived from LHC 13 TeV data and recent
searches for DM scattering, and the results have demon-
strated relatively strong constraints on the MSSM sub-TeV
parameter space, where the results obtaining the best fit
represented a compressed mass spectrum of mp & my &
my; ~300 GeV with the value of a3"SY derived mainly
from the bino-wino-smuon loop [71]. As such, these
experimental limitations detract from efforts to identify
the sources of a, based on the MSSM.

Fortunately, other experimentally feasible sources of a,
can be postulated. A good candidate can be based on
chirality flipping or seesaw mechanisms, where the
Yukawa coupling Y, of the Higgs field to a right-handed
neutrino and a left-handed muon could also be a source of
a,, provided the adopted theory accommodates a right-
handed neutrino. Among the various seesaw mechanism
models, the inverse seesaw extended next-to-minimal
supersymmetric SM (ISS-NMSSM) [72-75] has generated
particular interest. In contrast to the MSSM or standard
NMSSM, the lightest sneutrino represents a promising DM
candidate in the ISS-NMSSM [76]. The SD X term in the
superpotential of the ISS-NMSSM ensures that the singlet
Higgs superfield S not only plays a role in the Higgs sector,
as it does in the standard NMSSM, but also plays key roles
in the neutrino sector and DM annihilation in the early
universe. In addition, the DM-nucleus scattering cross
sections are naturally suppressed due to the singlet nature
of the superfields § and 2, and thereby survive the harsh
DM direct detection exclusion limit. As for the most
sensitive channels at the LHC that enable direct search
from the perspective of the ISS-NMSSM, we note that
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neutralinos mostly decay into a neutrino and a sneutrino,
which is invisible to the detector. Meanwhile, charginos
decay into a lepton and a sneutrino. Therefore, the most
sensitive channel at the LHC for the ISS-NMSSM pertains to
the 27 + E™'S signals, not the 3¢ + ES signals, as is the
case for the standard NMSSM. As a result, the ISS-NMSSM
can be expected to contribute profoundly to an explanation
of Aa, because the value of Y, in the model can reach
0(0.1), which is of the same order as gauge coupling g; and
g». Therefore, the additional contributions due to chirality
flipping by a sneutrino mass term and Y, can induce a
sufficiently large a3YSY. However, to our best knowledge,
this source of a, has not been investigated in the past.
The present study addresses this issue by applying the
ISS-NMSSM toward explaining the anomalous magnetic
moment of muons. This is a particularly pertinent issue at the
present moment owing to the upcoming Fermilab E989
experiment. The remainder of this paper is organized as
follows. The ISS-NMSSM and the properties of the corre-
sponding contribution of a5SY are introduced in Sec. II. In
Sec. III, we optimally scan the parameter space of the ISS-
NMSSM according to various experimental constraints, and
numerical analysis is applied to an optimal parameter space
for assessing the potential of the ISS-NMSSM to contribute
a sufficiently large value of a3"SY to account for Aa,.

Finally, a brief summary is provided in Sec. IV.

II. INVERSE SEESAW MECHANISM EXTENDED
NMSSM AND THE MUON g -2

A. Sneutrino sector of the ISS-NMSSM

Neutrino masses and mixings can be generated within
the NMSSM framework via various standard seesaw
mechanisms. In this work, the inverse seesaw mechanism
is implemented within the NMSSM by adding two gauge
singlet superfields © and X with opposite lepton numbers
L = —1 and L = +1 respectively for each generation. Any
AL =1 term in the superpotential is assumed to be
forbidden. With the assumption of R-parity conservation,
the ISS-NMSSM superpotential is given as follows [74].

W=Y,0-H,a+Y,H;-0d+Y ,H, Le
~ A N ~ 1 NN A A ~ A
+ 284, - |, +§S3 i X XS IRV, L,
(2.1)

Here, I:Iu, H 4> and S are Higgs superfields, Q and L
respectively denote the SU(2) doublet quark and lepton
superfields, and i and d, and & are the SU(2) singlet up-
type and down-type quark superfields, and charged lepton
superfields, respectively. In addition, the Yukawa couplings
for quarks and leptons are given as Y;, where i = u, d, e, v,
the term Ay represents Yukawa coupling of singlet Higgs S
to neutrinos » and X, yy is an X type neutrino mass term,
respectively, and 4 and x are the Higgs interaction

couplings. The only dimensional parameter puy is intro-
duced for providing a AL = 2 term in the inverse seesaw
mechanism, which also violates the Z3 symmetry of the
superpotential. Generally, a tiny neutrino mass is obtained
by treating uy as an extremely tiny effective mass param-
eter generated by some unknown dynamics. It may be
noted that the first line in Eq. (2.1) is the standard NMSSM
superpotential with Z; symmetry. The soft breaking terms
are given as follows [76].

Vot = Vmssm + M Dglg + mixx*
1 .
+ <§Bﬂ_ﬁ +AnAy, STRX+Y, Ay DL -H, + H.c.>
(2.2)

Here, Vamssu 18 the NMSSM soft breaking term, 7z and X
are the scalar components of £ and X, respectively, while all
other fields are defined as they are in the standard NMSSM,
and the dimensional quantities m? ,, m%, B, , A, , and Ay
are the soft breaking parameters.

In R-parity conserved ISS-NMSSM, the lightest
sneutrino 7; may be a better DM candidate under the
stringent DM direct detection experimental constraint than
the lightest neutralino )?(1) candidate [77]. After decompos-
ing sneutrino fields 7; according to charge conjugation
parity (CP) symmetry into CP-even and CP-odd parts
U = \/% (¢; + io;), the symmetric 9 X 9 mass matrix for the

CP-odd sneutrinos can be given as

mf’L”L mO'R”L m”x”L
2
Mﬂl - mo'LO'R mo'Rr;R m{ix(iR s (23)
m m

m
010y ORO, 0,0,

where the following definitions are applied in the basis of
(61,0k,0,) with the terms v, v,, and v, representing the
vacuum expectation value (vev) of the Higgs fields H,,, H,
and S, respectively.

1 , . 1

Mo,0, =7 20N (YIY,) +40R(m])] + 2 (g +63) (=vi+v])

1 1
My 5o =—=0a0N(AY}) +—v,N(Y, A
LOR B d ( ) \/z ( Yb)

1 *

Mg, o, :Evsvum@lﬁyv)
1 N "

Moy, =7 [203R(AnAy) + 205 R (Y, YD) + 4% ()]
1

Moya, =7 [—v0, (AL 4 24%) + v%(le,T\, +x*25)

+2V20,(R(AT 25) =R (ux )]

| . . N
My o :5039{(,15,1;) —N(B,, )+ R(uxpy)+ NR(m2) (2.4)

095009-3



CAO, LIAN, MENG, YUE, and ZHU

PHYS. REV. D 101, 095009 (2020)

This CP-odd sneutrino mass matrix M2 is diagonalized
2. diag
as M-, y

The CP-even sneutrino mass matrix M;R and its unitary

= Z'M2,Z"" using a unitary rotation matrix Z’.

rotation matrix ZF can be obtained similarly, where
My =M, ., 8,,~-8,, - An analysis of Eq. (2.3) and
Eq. (2.4) indicates that the off-diagonal element m,, . is
proportional to Y, m,, , is proportional to 4y, and m, , is
proportional to the product Y, Ay.

It is also noted that Y, and A, play important roles in the
ISS-NMSSM for determining neutrino mass as well.
Experimental data based on the observation of active
neutrino oscillation place a constraint on the unitary of
the neutrino mass rotation matrix. This unitary constraint
can be translated into a constraint on the input parameters
[78], as follows:

010y

A A A
N_e”> 14.1, N_ﬂﬂ>33_7, NH
Yve Uy Yy# Uy v,lvu

>94.  (25)

These inequalities indicate that, for given Higgs sector
parameters 4, tan 3, and y, the coupling term Y, sets a lower
limit for Ay. The following discussion demonstrates that this

unitary constraint greatly suppresses the value of a;"sY.

Here,i =1, ...,

tl|2 + |ntl| )FN( ll) + 3
(e + leim

(cf,;LP LSNPS o)+ 32 Relcel ) FS (o) |

B. Muon g -2 in the ISS-NMSSM

As discussed in Sec. I, the muon magnetic moment a,
always corresponds to a chirality-flipping interaction.
Hence, the u chirality must be flipped by one of the
chirality-flipping interactions in each Feynman diagram
contributing to a,. The main chirality flipping interactions
in the MSSM or standard NMSSM derive from the p-lepton
line through the muon mass term, the Yukawa interaction
of H,; with pug and y; or v,, the smuon line through the
mass term mﬁ e and SUSY Yukawa coupling of a

Higgsino to a muon and g or 7, As indicated by
Eq. (2.1), the ISS-NMSSM provides additional u chirality
flipping interactions from the muon-type sneutrino 7, line
through the mass term m;, ; and the additional SUSY
Yukawa coupling of a Higgsino to 7, g and y;, or v,
The above discussion indicates that only muon-type
sneutrinos are related to a, in the ISS-NMSSM. Therefore,
we can assume that no flavor mixing occurs in the sneutrino
field and in the Yukawa couplings Y, and Y, and consider
only the second generation according to the following
notation: y, = Y, 2, y, = Y, 1, and substitute 3 x 3 matri-
ces of muon-type sneutrino masses m;: and m;x and their
corresponding 3 x 3 rotation matrices Z’ and ZR to replace
the 9 x 9 versions in the basis (7, . vﬂ R Uyx). Therefore,
the SUSY one-loop contribution to a, in the ISS-NMSSM

is given as follows.

Hi

My L. RN
WRG(”iI”ﬂ)Fz (xi1)

2m+

l,
PIFS i)+ o Relel)PS )|

(2.6)

jn

5 and j = 1, 2 respectively denote the neutralino and chargino indices, [ = 1, 2 denotes the smuon index,

m=1,2,3 and n =1, 2, 3 denote the CP-odd and CP-even sneutrino indices, respectively, and

(92N + 1N )X,

Cjnlf =— (—gzvjlzf,ﬁ + ypV,-sz,;’é),

V2

1 N X
Cf;;L = 7(—92lezfi + tujzzfi ).

V2

- yﬂNi3X72’

ny = V2g\NuXp + YNz X1,

1
IR __ 1
ij — \/iyllUJQZml’
RR __

1
Cin — Eyijzzfr (2.7)

Here, N is the neutralino mass rotation matrix, X is the smuon mass rotation matrix, and U and V are the chargino mass
rotation matrices defined by U* M« Vi = m)c?hfg, where M- is the chargino mass matrix. The kinematic loop functions

depend on the variables x;; =

Vym

;0/’"%1’ Xjm = m~i/m~, ,and x;, = m)?(i/mg,e , and are given as follows.
i J pon
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FIG. 1. One-loop diagram of the Higgsino-sneutrino contribu-
tion to a3”SY, which is an additional contribution in the ISS-
NMSSM compared with the MSSM.

2
FY(x) = m(1 — 6x + 3x% + 2x* — 6x? Inx)
N 3 2
F2 (.X') :W(l — X +2xlnx)
2
F$(x) = m(2 + 3x — 6x? + x> + 6xInx)
3
FS$(x) = - = (3—4x+x*+2Inx) (2.8)

2(1 —x)

All of the above F(x) functions are normalized with

conditions F/(1) = 1, where x = 1 correspond to degen-
erate sparticles.

At the heavy bino, wino, and right-handed smuon limits,
the contribution of the Higgsino-sneutrino (HS) loop
shown in Fig. 1 to a5YSY is dominant, where the u-chirality
flipping derives from the left-right handed sneutrino

transition term m2 . in the sneutrino mass matrix.

UL

SUSY can be expressed as

Accordingly, aj
z 7t
ﬂ{z ;’;12 = Fg(xlm)
m

susy o, MuYudv

R 2
Yyum
+ZZ§;Z§1FC( S e] e H )
—F X — . .
— mgﬁvm 2 1n M2

However, the HS contribution to a3"sY is difficult to
estimate due to the complexity of the 3 x 3 sneutrino mass
matrix. We demonstrate this complexity and the influence
of the theoretical input parameters on aEUSY by plotting the
values of a;"SY obtained from Eq. (2.9) as functions of
select parameters in the ISS-NMSSM with all other

parameters obtained from Table 1. The results are shown
in Fig. 2, where the blue lines in all plots represent the
values of a3 obtained as functions of the input param-
eters without considering the leptonic unitary constraint
(LUC), while the green lines represent the cases where the
LUC is taken into consideration by setting the value of

Ay, = (33.7y,4v,)/n. An analysis of the results in Fig. 2
yields the following observations.

(1) When the LUC is not taken into consideration,

aﬁUSY increases monotonically with increasing y,

[Fig. 2(a)], as would be expected from Eq. (2.9), and

decreases monotonically with respect to u [Fig. 2(b)]

due to the monotonically decreasing loop function

F§ . In addition, a;"5Y decreases monotonically with

increasing ﬂNﬂ [Fig. 2(c)] because /IN” affects the

mass of the right-handed sneutrino according to the

(Ay,v5)* term in the sneutrino mass matrix term

2
mDRi’R ’

as shown in Eq. (2.4). However, the depend-

ence of ay"SY on A [Fig. 2(d)] is quite complicated
because the Higgs self-coupling term 4 is inversely
proportional to v, for a given u, which affects the
sneutrino mass terms m7 ; , mg ;. m; ; ,and m; ; .
Nonetheless, we note from the plot that a3SY
enhanced within a small range A around 0.1.

(ii) If the sneutrinos dominated by the scalar X field have
sufficient mass, the sneutrino mixing matrix Z
roughly satisfies the relation Z,Z;| &% —Z 2.
Therefore, the cancellation between two light sneu-

: bt SUSY
trino contributions to a, > greatly suppresses a,,,

m2

is

and a;"SY presents the following trend:
1 1
aEUSY X |Z11212(—2——2>. (210)
mg mg

(iii) The soft breaking terms A, and A,lN# govern the
mixing between the left-handed and right-handed
sneutrinos and the scalar X field, and thereby affect
the squared mass of the lightest sneutrino. In
addition, the signs of A, and A/INM respectively
affect the signs of the products Z,,Z,; and
ZuZ,y in Eq. (2.9). Therefore, the sign of a5USY
can differ from the sign of u or M,u in the ISS-
NMSSM, which is shown in Fig. 2(e). Moreover,
overly large values of A, and A 4y, €an result in a

Benchmark parameter settings of the heavy bino, wino, and right-handed smuon limits, and the corresponding value of
obtained from Eq. (2.9). In this case, the dominant contribution to a5SY derives from the Higgsino-sneutrino.

TABLE L.

azUSY

A K tan u M,

0.1 0.6 50 350 GeV 3000 GeV
Yy lNﬂ AY» A'{Nﬂ ml%

0.2 0.3 —1000 GeV -3000 GeV (200 GeV)?

M2 mf” mEM

aSUSY
3000 GeV 500 GeV 3000 GeV Z
2 B
"o Fx " 7.46 x 1071
(800 GeV) 0
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FIG. 2. Values of a;"5Y obtained from Eq. (2.9) as functions of select parameters in the ISS-NMSSM with all other parameters
obtained from Table I. The green lines in the plots were obtained when taking the leptonic unitary condition (LUC) into account by
setting the value of 1y = (33.7y,4v,)/u, while the blue lines do not consider the LUC, and simply employ the benchmark value of 1y

given in Table I.

negative squared sneutrino mass, which is unphys-

ical. However, we note from Fig. 2(e) that a5'SY can

be increased up to 2 x 10~ with a sufficiently large
value of A, |. This can be attributed to two reasons:
one is that |Z;,Z,| is proportional to A, , and the
other is that the mass splitting between the left-
handed sneutrino and the right-handed sneutrino also
increases with increasing |A,, |. As shown in Fig. 2(f),
mixing between the X field and the right-handed
sneutrino field has a nontrivial contribution to the
value of aﬁUSY because this mixing effect may induce
the strong cancellation associated with Eq. (2.10).
(iv) The significant differences between the green
and blue lines in Fig. 2 indicate that the LUC also
has a complicated impact on a3">Y. We note from
Figs. 2(a) and 2(c) that, in the absence of the LUC,
the increase in a,">Y with increasing y, would be
diminished by an increasing lNﬂ. The green line in
Fig. 2(a) is a revealing representation of the effect

of the LUC on a;3YY. In addition, the behaviors of

az"SY with respect to p and A are significantly

affected by the LUC due to the important role of
the ANN v, term in the sneutrino mass matrix. More-

over, the physical 4 and A parameter spaces are

significantly reduced under the LUC. However,

a3USY can still attain values on the order of 107°.
In summary, the HS contribution to a3"SY is limited
significantly by the cancellation effect between different
sneutrino contributions and by the LUC. However, mixing
between the ¥ field and the right-handed sneutrino field
ensures an HS contribution that is sufficiently large to

explain Aa,.

ITII. NUMERICAL ANALYSIS

In this section, we explore the HS to a3USY compre-

hensively. Due to the ‘“curse of dimensionality,” the
solution to a complex high-dimensional and multimodal
distribution often requires very time-consuming fitness
function evaluations, substantial computing resources
and the efficient parameter space scan technique. For
example, in the study of the Higgs sector in the
NMSSM, there are several scan techniques used in previous
researches, e.g., random sampling [79] and MINUIT fit
technique [80]. Previous discussion indicate that the
parameters A and p are sensitive to a5USY and affected
by the unitary of the neutrino mass rotation matrix. In the
ISS-NMSSM, these parameters also play essential roles in
the DM physics, Higgs boson properties and the collider
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phenomenology. In this work, we first take the genetic
algorithm (GA) [81] technique to scan the 18 dimensional
ISS-NMSSM parameter space to find a sample that satisfies
all the constraints under the current circumstance. In such a
high-dimensional parameter space computing, the advan-
tage of GA technique is its good global searching capabil-
ity, computing cheapness and the stability of the result.
However, the optimal sample achieved by the GA comput-
ing cannot reflect the overall predictions of a5VSY and the
characteristics of the theory. Concerning this shortcoming,
we note that the sneutrino DM in the ISS-NMSSM with
moderately large u can easily predict the observed DM relic
density and coincide with the current DM direct detection
|

experiments and the electroweakino searches at LHC [77].
This inspires us to use the MULTINEST [82,83] algorithm to
scan only the parameter space related to the HS contribu-
tion. In this way, the shortcomings of the GA technique are
overcame without affecting the generality of our results.

A. Analysis of benchmark sample

In order to answer whether ISS-NMSSM can predict a
relatively large HS contribution to a5YSY without contra-
dicting the current experimental observations. We take GA
method to scan the ISS-NMSSM parameter space with the

following settings:

0<1<0.7, k| < 0.7, 1 < tanf < 60, 100 GeV < u < 600 GeV,
IA] <500 GeV, A, =2TeV, |A]|<5TeV. A,=A4A,
0<vY, <05, Ay, | <2 TeV, 0 <y <05, |Aj, | <2 TeV,
my_ = 800 GeV, 0 <m, <500 GeV, 0 <m, <500 GeV,
0<y, <05, |Ay | <3 TeV, 0 <y, <05, |A,1Nﬂ] < 3 TeV,
100 GeV < m,, <500 GeV,  |m2| < (500 GeV)>,  m, =800 GeV, (3.1)

with all the parameters defined at the scale of 1 TeV. All
other parameters, like those related to the squark, first
generation sparticle, and gauginos, are fixed at a common
value of 3 TeV. The parameter settings given in Eq. (3.1)
include the following assumptions.

(i) Contributions to a, from the standard NMSSM
require that the bino soft mass M, Wino soft mass
M, and Higgsino mass y must be O(100) GeV. As
such, M, and M, are too large in the standard
NMSSM to provide sufficient contributions to a,,.
Therefore, the SUSY contribution to a, can only
derive from the HS loop illustrated in Fig. 1.

As established in previous studies [76,77], mass
splitting between CP-even and CP-odd sneutrinos is
related to the parameters u, and B, . Therefore, this
mass splitting can be neglected in the discussion of
a, by assuming that the masses and the rotation
matrices of the CP-even and CP-odd sneutrinos are
equivalent.4

The advantages of the DM properties of sneutrinos
in the ISS-NMSSM are preserved by setting the third
generation sneutrino parameters to provide a z-type
sneutrino DM candidate, which avoids the restric-
tions associated with DM observations of the u-type
sneutrino.

(i)

(iii)

“In the case of B, =0, the sneutrinos are complex fields, and
the DM-nucleon scattering rate obtains an additional contribution
from the f-channel via the Z boson.

(iv) In the right-handed 7-type sneutrino DM case,
Higgsino dominated neutralinos (chargino) decay
into a sneutrino plus a neutrino (z lepton), i.e.,
Br(7{, = v,) =Br(7i — r*) = 1. Therefore, the
most sensitive channel at the LHC is the chargino
pair direct search pp — 777 — 27 + EX chan-
nel, where the detection limit for the lightest
supersymmetric particle (LSP) is about 300 GeV
[84]. Therefore, we assume that the lightest sneu-
trino 7, is a z-type sneutrino with a mass greater than
300 GeV.

(v) Undoubtedly, due to the soft breaking term V. in
Eq. (2.2), the additional introduced sneutrino fields
are embedded into the neutral scalar field potential,
which is relevant for electroweak symmetry break-
ing. As a result, the sneutrino fields can acquire
nonzero vevs, which will lead to R-parity breaking,
various mixings between leptons with charginos and
neutralinos, and mixings between Higgs bosons and
sleptons [85]. Of significance here is that the LSP 7;
is unstable, and 7; can decay into two leptons.
However, this contradicts our previous assumptions.
Therefore, we assume that sneutrino fields cannot
acquire nonzero vevs, and this would further limit
the parameter space of the theory.

In the scanning calculations, the ISS-NMSSM model file is
generated by the Mathematica package SARAH [86], the
particle spectrum and the value of a)YSY are generated
using the SPheno program [87,88], the DM relic density and
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DM direct detection cross sections are computed using the
micrOMEGAs [89] code, and electroweak vacuum stability
and sneutrino stability are tested using the Vevacious program
[90,91], where the tunneling time from the input electro-
weak minimum to the true minimum is estimated using the
CosmoTransitions program [92] if needed. The optimal param-
eter set is obtained by GA minimization based on the
following y? function with the 18-dimension free parameter
space given by Eq. (3.1):

)(2 :le-liggs +X% +)(2DM +X%}nitmy +)(5,, +Z%ev +X%et0'
(3.2)

The individual ? terms in the above equation are defined as
follows.
1) )(nggs + ks +x%s: Here, my, is the theo-

retical predlctlon, m"bs =125.18 GeV [10,93,94] is
the measured Value om, =3 GeV is the total
(theoretical and experimental) uncertainty, yzz = 0
if the sample satisfies constraints associated with the
direct search for Higgs bosons at the large electron-
positron (LEP) collider and Tevatron collider based
on calculations using the HiggsBounds code [95,96],
and yZs = 0 if the SM-like Higgs boson in the
sample is compatible with current experimental
observations, which is tested using the HiggsSignals
code [97,98]. Otherwise, yis or yis is equal
to 10000. oo 2

(i) x3=1%> ( *’) :  B-physics  observations
BR(BA. - utu ) and BR(B, — X,y) [10] are take
into consideration in this work, and both introduce

standard Gaussian constraints into y?.

(i) 12y _(th%ﬂ Q% is the
theoretical prediction of the DM relic density,

thbg = 0.120 is the cosmological DM parameter
obtained in the latest PLANCK report [99], and
oz = 0.0120 is the total uncertainty. The term
Zivpp = 0 if the DM-nucleon scattering cross
section is less than the current 90% upper limits
established by the Xenon-1T 2018 report [100];
otherwise, y3ypp = 10000.

(iv) The unitary constraints of the second and third
generations are included in the ;(%nimy term as
follows.

(mh mh )

2.
+Xpwmpp:  Here,

2 _ E 2
)(Unitary - )(Unitary,i ’

i=pu,7
100(r; — %)%, rp < plow
)(lzjnitary,i = {O ( l l ) > rlow (33)

Here, r/=(Ay p1)/ (Y, A0,), 9% =337, and ri°¥=9.4.

(v) The a;"SY contribution is expected to be as large as
possible in this work. This is ensured by defining the
Xz, term as follows.

9\ 2
1000 <w> . aSUSY <268 x 107

0, aEUSY >2.68 x 1077
(3.4)

(vi) The y2., term is introduced to ensure that sneutrino
fields do not acquire nonzero vevs, according to the
above-discussed assumption. Therefore, y2., = 0 if
the electroweak vacuum of the parameter point is
stable. Otherwise, y2., = 10000 if the electroweak
vacuum is unstable or sneutrino fields attain non-
Zero Vevs.

(vii) The y2,, term is introduced to ensure that the
LSP is a z-type sneutrino with m; > 300 GeV,
according to the above-discussed assumption.
Therefore, y2., = 0 if the parameter point satisfies
this assumption; otherwise, y2., = 10000.

The GA method provides no unique solution to the
minimization of y?. Therefore, we selected the parameter
space of one of the best solutions as a benchmark point for
assessing the potential of the ISS-NMSSM to contribute a
sufficiently large value of a3’ to account for Aa,.
Representative parameters and observables of the bench-
mark point are given in Table II.

The results of the benchmark point in Table II indicate
that the ISS-NMSSM can obtain a sufficiently large value
of a3USY without contradicting the results of collider and
DM direct detection experiments. The results in Table II
also indicate that the light neutralinos and charginos are
Higgsino dominated and smuons are more massive than the
u-type sneutrinos. Therefore, the charged HS loop provides
a large contribution to Aa,, in the form of a5SY. Applying
the parameters of the benchmark point to Eq. (2.9) indicates
that a tan f enhancement effect is also needed in the HS

contribution to a3"SY because the muon Yukawa cou-
: Mg ~ 9y
pling y, = Tomwcosh > Vamy tan 3.

From the perspective of collider search, we note that a
decreased u is also required to ensure a sufficiently large
value of a5USY. As discussed above, the only visible
channel representing the decay modes of Higgsinos is
chargino pair production. However, the cross section of the
pure Higgsino component of chargino pair production is
less than the cross section of a pure Wino by a factor of
about 3.5 [101,102]. Here, a recent report from ATLAS

cited a 95% confidence level sensitivity to Mye =
1000 GeV for a pure Wino using 139 fb~! data obtained
through the pp — 7177 — £ /0D — 2£ + E channel

[103]. Assuming that the cross section of i pair
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TABLE II. Representative input parameters and observables of the benchmark point for assessing the potential of the ISS-NMSSM to
contribute a sufficiently large value of a3"SY to account for Aa,,.

A 0.0173 K 0.0551 u 534.6 GeV

tan 59.90 N, 0.1171 AlNﬂ 2496.2 GeV

v, 0.4804 A, 111.8 GeV aﬁUSY 2.318 x 10~

my, 124.2 GeV mg, 720.2 GeV my, 1446.4 GeV

M 552.4 GeV my 554.4 GeV My 2984.2 GeV

Mk 418.2 GeV My 553.7 GeV M 2984.4 GeV

mg 418.2 GeV mgy 448.6 GeV my 931.0 GeV

Z{g2 9.318 x 1073 Z;G};‘ 0.8949 Zga’; 0.4461

Z{(,;{ 0.7067 ng,;e 0.3130 ZéDJ; 0.6371

Z{az 0.7074 Zéoﬁ 0.3183 Zgg,; 0.6284

Qh? 0.1186 agl_p 4713 x 107* cm? (ov) 1.406 x 1072° cm?s~!

production is unsuppressed and the acceptance rate and
efficiency are unchanged for the & LSP, the parameter space
of the benchmark point remains outside of the exclusion
range in the My = My gp plane.

With respect to DM phenomenology, various annihila-
tion mechanisms exist for sneutrino DM that predict the
correct DM relic density. Of particular interest here is a
coannihilation mechanism with a Higgsino, which indi-
cates that  ~ m; . As a consequence, leptons detected from
the 2¢ + ET'* signal are too soft to be separated from
background events, and cannot be detected by the LHC.
Therefore, the constraint m; > 300 GeV can be neglected
in this compressed mass spectrum. This means that the
mass of the u-type sneutrino can be as little as 100—
200 GeV, which further increases the value of a5USY. A
detailed discussion of DM phenomenology in the ISS-
NMSSM was presented in our previous work [76].

B. Parameter features of muon g —2

The GA method cannot provide global information
of VY in the parameter space. However, getting a
correct statistical distribution without losing generality in
such a high dimensional space in Eq. (3.1) is a huge
challenge for any scan algorithm. We note that, if the
7-type sneutrino is approximately degenerate with
Higgsino in mass, all DM measurements are easily
satisfied by solely adjusting the parameters in z-type
sneutrino sector. This motivates us to neglect the DM
constraints by fixing the third generation slepton param-
eters and ¢ = 350 GeV in studying a3"Y. Since the DM
is massive (m; =~ 350 GeV), the constraints from the
sparticle searches at LHC are satisfied. In the following,
we use the MULTINEST sampling technique to scan the
following parameter space:

0.001 <1 < 0.7, x| < 0.7, I <tanf < 60, u =350 GeV,
A <1TeV, |A|<5TeV A, =A,  A,=2TeV,
0.01 <y, <0.7, |Ay | <1 TeV, 0.01 <4y, <07, |A/1Nﬂ| <1 TeV,

350 GeV < my < 600 GeV,

The prior probability distribution function (PDF) of these
inputs are set as uniformly distributed and the nlives
parameter is set at 10000. The likelihood function adopted
in the scan is a standard Gaussian form of muon (g — 2):

1 (a$USY =268 x 107\
£=exp [_5< 0.8 x 10 - (39

°In the MultiNest algorithm, n;;,. represents the number of
active or live points used to determine the iso-likelihood contour
in each iteration [82,83].

m2| < (800 GeV)2,

m2| < (800 GeV)2. (3.5)

During the scan, we require the lightest p-type sneutrino
mass is larger than 350 GeV, the neutrino unitary bound is
satisfied and any sneutrino field is forbidden to develop a
vev. Besides, only the samples consistent with the discov-
ered SM-like Higgs boson data are retained, and the
consistency is checked by code HiggsSignals.

This scan is marked as “Normal” group, and its the one-
dimensional profile likelihood (PL) of the £ in Eq. (3.6)
and one-dimensional marginal posterior PDF for a;"SY and
the related input parameters are plotted in Fig. 3(a) and
Fig. 4. The one-dimensional PL of an interested parameter
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FIG. 3. One dimensional profile likelihood and posterior PDF distributions as a function of a3"SY. The left panel is obtained by the
result of the likelihood function in Eq. (3.6), while the right panel is for the likelihood function with éa, = 0.2 x 107°. Regions shaded
with the blue (orange) color bar are the 1o (20) confidence interval, in which the best-point is marked by the black vertical line. And
those with the green (yellow) color bar denote the 16 (20) credible region.

or an observable @ on position = 6, is defined as the
maximum value of L:

£(6p) = max (L,_y,). (3.7)
where the maximization is through varying the other input
parameters. PL can be viewed as an local predictive
capability indicator of the theory. Consequently, the best
point in the sample corresponding to the peak position of
PL L, .. Complementarity, the one-dimensional marginal
posterior PDF is a global statical quantity.

Figure 3(a) indicates that the magnitude of HS contri-
bution concentrates around 7 x 1071° for the “Normal”
group, and approximately 3% of the samples obtained
results with a5USY > 107 (see the black curve). Figure 4
shows that a small 4, a large tan f§ and a large y, are favored
when predicting a relatively large a5SY; the plots of y, and
Ay, confirm that the unitary condition in Eq. (2.5) usually
limits a large y,. By contrast, the PL has no particular
preference on the parameters A, A, . m?2 and m? (see the

red step line).

Whether the HS contribution alone can explain Aa, is
particularly interested, so we also carried out a comparative
“Control” group scan, which is same as the “Normal” scan
except for the replacement of the uncertainty 0.8 x 10~ in
Eq. (3.6) by 0.2x 107°. The distributions of a5 is
presented in Fig. 3(b). This panel shows that there is a
certain range of parameter space in ISS-NMSSM where the
HS contribution alone can explain Aa,. In practice, the
“Control” scan consumes more computing resource than
the “Normal” group. The underlying reason is that, in order

to predict a larger aSUSY, a much more fine-tuned parameter

configuration is necessary, so the samples of the “Control”
group are more harder to obtain.

For completeness, the 16 and 26 credible regions of both
“Normal” and “Control” scans are summarized in Table IIL.
It is evident that, the regions are quite different due to the
different choices of the uncertainty.

C. Electron g -2 in ISS-NMSSM

In addition to Aa,, we also note that about a 2.5¢
discrepancy has been reported between the experimental
observations and the SM prediction for the anomalous
electron magnetic moment Aa,=-0.88(36)x 1072
[104,105]. This leads to the question as to whether the
ISS-NMSSM can account for the observed Aa, and Aa,
simultaneously. Concerning this question, the SUSY con-
tribution to lepton anomalous magnetic moment a5USY
(Z = e or ) can be factorized into the lepton mass square
times a SUSY factor R, if there is no flavor mixing in slepton
sector. In the current situation, R, for electron and muon are

A ~0.88x 10712
R, =%~ S ——3370% 1070 GeV~?,
m2  (0511x1073 GeV)
Aa 268 x 1071
R —=—F_ =2.399x 1077 GeV~2.
P2 (1.057x 107 GeV)? x ¢

(3.8)

This difference of —14 between R, and R, indicates the two
anomalies are hard to explain by a common physical origin.
A recent unified explanation of the discrepancies was studies
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TABLEIII. One-dimensional credible regions of a
to the 1o and 20 credible regions respectively.

,S,USY and input parameters. The intervals in the first and second brackets correspond

lo 20 credible regions

Normal £ = exp {—% (M)Z}

Control £ = exp [_ 1 (Mﬂ

Parameters or observables 0.8x107° 0.2x107°
az’sv /107 [0.48,0.86] [0.19,1.01] [2.28,2.67] [2.08,2.85]
A [0.038,0.15] [0.017,0.24] [0.027,0.055] [0.017,0.063]
tan [42,60] [23,60] [55,60] [51,60]

Y [0.066,0.37] [0.022,0.63] [0.41,0.55] [0.36,0.64]
A, /GeV [—-824,407] [-963, 864] [—423,753] [-855,928]
AN” [0.43,0.69] [0.26,0.70] [0.37,0.66] [0.25,0.72]
A,IN” /GeV [-516,715][-911,916] [256,943] [-378, 1000]
m;ﬂ/GeV [388,502] [371,590] [358,473] [350,558]
m?2/(10° GeV?) [-162,284] [-323,335] [-277,188] [-335,317]
m2/(10° GeV?) [-167,278] [-320, 335] [-221,246] [-325,327]
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in the MSSM [106], and the critical points for the solution
are as follows:

(1) The bino-selectron loop is responsible for Aa,,
which needs moderately small bino and selectron
masses and uM; < 0.

(i)) The wino-sneutrino loop accounts for Aa,, which
essentially requires yM, > 0.

From the discussion of Aa, in this work, one can infer

the following conclusions for the ISS-NMSSM:

(1) As indicated by Egs. (2.6)—(2.9), a negative Aa, is
obtainable from the HS contribution if the rotation
matrix for the e-type sneutrino fields has the
property sgn(Z:,Z,;) = —1. This condition can be
satisfied by flipping the sign of Ay in the chiral
sneutrino mixing term.

(i) Asshown in Eq. (2.5), the neutrino unitary constrain
onY, issignificantly weaker than thaton ¥ v So the
HS contribution can predict a relatively larger |R,|.

(iii) Although it is unlikely for the HS contribution alone
to reconcile both discrepancies when Y, and |Ay |
are not tremendously large, the tension between
theory and experiment can be relaxed significantly,
such as the special requirements for the signs of M|,
M,, and p. So comparing with MSSM framework
[106], explaining the discrepancies simultaneously
is more easier by the other contributions of the
ISS-NMSSM.

IV. SUMMARY

In this work, we performed a detailed phenomenological
study of the anomalous muon magnetic moment a, in the
ISS-NMSSM. The results demonstrated that the newly
introduced Yukawa coupling Y, in the ISS-NMSSM
significantly increased the value of a,, relative to that
obtained with the standard NMSSM, via a mixing between
left-handed and right-handed sneutrinos in the chargino-
sneutrino loop diagram. Moreover, the right-handed sneu-
trino serves as a good DM candidate with an undetectable
DM-nucleus scattering rate, and the constraints arising
from the LHC, B-physics observations, and Higgs global
fitting can also be naturally satisfied.

Accordingly, if the statistically significant deviation of
a, between experimental observation and SM prediction
confirmed by the upcoming Fermilab E989 experiment and
theoretical studies, ISS-NMSSM may be a better electro-
weak SUSY framework.
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