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In the Higgsino dark matter (DM) scenario of the minimal supersymmetric model (MSSM), the mixing
of Gaugino and Higgsino influences the mass splitting between neutralinos predominantly composed of
Higgsino and introduces coupling between the DM and Higgs bosons. These effects modify the DM-
nucleon scattering cross-section, causing conflicts with the latest direct detection results from LZ
experiments for both substantial and minute mixings. Consequently, the experimental measurement of
DM relic density necessitates the Higgsino DM mass to be approximately 1.1 TeV. We discovered that in
the Higgsino DM scenario of the next-to-minimal supersymmetric model (NMSSM), the mixing of
Higgsino and Singlino introduces analogous effects, with a crucial distinction being that the current LZ
experiment permits significant mixing between Singlino and Higgsino. This pronounced mixing effect
effectively attenuates the interactions between Higgsino-dominated neutralinos and standard model
particles, enabling DM masses exceeding roughly 670 GeV to achieve the correct relic abundance.
Through analytical formulas and numerical results, we elucidated these characteristics that were not
observed before. Our research reveals that in the NMSSM, when comprehensively examining the mixing
effects of Higgsino, Gaugino, and Singlino, the properties of Higgsino DM become markedly more

intricate compared to the MSSM predictions.
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I. INTRODUCTION

The existence of dark matter (DM) has been firmly
established by various astronomical and cosmological
observations [1], yet its particle nature remains one of
the most profound mysteries in modern physics. Among
various theoretical candidates, the Higgsino, which natu-
rally emerges from supersymmetric theories, stands out as a
particularly compelling DM candidate [2—13]. In the min-
imal supersymmetric standard model (MSSM) [14—-17], the
Higgsino has the following distinctive features that make it
an attractive solution to the DM puzzle, drawing on both
theoretical predictions and experimental constraints:

(i) From a theoretical perspective, the Higgsino pos-

sesses remarkable simplicity and naturalness [ 18-22].
As an SU(2) doublet, it represents one of the most
minimal extensions to the standard model (SM) that
can accommodate viable DM candidates [23,24].
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(i)

This theoretical elegance is further enhanced by its
crucial role in gauge coupling unification, where the
Higgsino provides necessary contributions to achieve
precise unification at high energies [25-27] and
is readily embedded into theories like split SUSY
[28-31]. Additionally, in the MSSM, Higgsino DM
depends only on a limited number of parameters,
minimizing theoretical ambiguities and providing a
clean framework for both theoretical study and ex-
perimental interpretation [10,32].

A particularly intriguing aspect of Higgsino DM is
its mass scale. To produce the observed DM relic
density, the Higgsino mass needs to be around
1.1 TeV [11,28,33-36]. This mass scale, determined
by the interplay between electroweak interactions
and freeze-out dynamics, carries profound physical
significance. Specifically, it is not only preferred by
natural electroweak symmetry breaking, as indicated
by the expression of the Z boson mass [37], but also
explains the current null results from the Large
Hadron Collider (LHC) searches for supersymmetry
[38]. The latter aspect is characterized by the fact
that the LHC’s sensitivity to both electroweakly
and strongly produced supersymmetric particles
decreases monotonously as the DM becomes heavy,
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making it challenging to detect their signals when
the DM mass is larger than approximately 1 TeV
[38]. This alignment between theoretical prediction
and experimental observation may be viewed as a
compelling hint for the Higgsino DM scenario.

(iii) The phenomenology of Higgsino DM exhibits rich
features in terms of experimental detection [39-42].
In direct detection experiments, the interaction of
Higgsino DM with nuclei depends on its mixing with
heavier Gaugino states (e.g., Wino or Bino). When
the Gaugino component mixing increases, the scat-
tering cross section becomes large [43—46], rendering
such models stringently constrained by leading DM
direct detection experiments such as PandaX-4T [47],
XENONNT [48], and LUX-ZEPLIN (LZ) [49,50].
Current observations suggest that Gaugino masses
must be larger than around 2 TeV to avoid over-
enhancing the Higgsino’s spin-independent (SI)
scattering cross section [32,44,51,52].

Furthermore, when the Gauginos are heavier than
10% GeV, the mass difference between the lightest
neutral Higgsino components is smaller than 100 KeV
[42]. In this case, inelastic DM-nucleon scattering
processes in direct detection are kinematically al-
lowed with an unsuppressed spin-dependent (SD)
cross section, which has been very tightly constrained
by current detection experiments. These features
yield a unique phenomenological window for the
Higgsino, where the Gauginos with masses between
2 TeV and 10® GeV naturally evade current exper-
imental bounds.

In addition, unlike Wino DM which acts as another
popular candidate, Higgsino DM can avoid indirect
detection constraints by lacking significant Sommer-
feld enhancement in its annihilation cross section due
to the larger mass splitting between the charged and
neutral components of the Higgsino field [53-55].
This makes it challenging for current gamma-ray
[56,57] or neutrino telescopes [58] to detect Higgsino
annihilation signals, adding to the difficulty in prob-
ing this candidate with indirect detection experi-
ments [53].

(iv) Higgsino DM exhibits unique collider signatures due
to the small mass splittings among its charged and
neutral components. The charged Higgsino (char-
gino) can manifest as either missing transverse energy
(MET) or disappearing tracks in high-energy colli-
sions [59]. These signals are a robust prediction of
electroweak-scale Higgsino DM and present both
challenges and opportunities for future experiments
[11,60-63]. Advanced detection techniques, such as
optimized triggers for soft visible decay products and
improved track reconstruction algorithms, are cur-
rently being developed, making this an active area of
theoretical and experimental research [32,64].

In conclusion, Higgsino DM is regarded as one of the
most theoretically elegant and experimentally compelling
candidates for addressing the DM enigma. Its profound
connection to supersymmetry, compatibility with current
experimental constraints, and distinctive phenomenological
characteristics have established it as a central focus of
ongoing research.

While the MSSM offers a robust theoretical framework
for studying Higgsino DM, it faces the challenging
u-parameter problem. Although this issue can be addressed
through the well-known Giudice-Masiero mechanism [65],
implementing this solution introduces significant fine-
tuning in electroweak symmetry breaking when consider-
ing the LHC’s supersymmetry search results and the DM
experimental detection results [66—69].

To address these challenges, we extend our investigation
of Higgsino DM to the next-to-minimal supersymmetric
standard model (NMSSM), which serves as a natural and
minimal extension of the MSSM [70-72]. This model
incorporates an additional gauge singlet Higgs superfield,

S, which can dynamically generate an effective y parameter
when its scalar component develops a vacuum expectation
value (vev). This mechanism substantially improves the
stability of the electroweak vacuum, making the theoretical
framework more appealing [36,73,74].

In the NMSSM, the fermionic component of 3‘, known as
the Singlino, can substantially mix with the Higgsino field,
thereby altering key properties of Higgsino DM, such as its
mass splitting from other Higgsino-like particles and its
interactions with nuclei [36,75]. Consequently, Higgsino
DM exhibits novel features in DM annihilation and
DM-nucleon scattering processes.

Given that these characteristics have been scarcely
discussed in previous literatures, this study aims to com-
prehensively examine them. Notably, in the Z;-invariant
NMSSM, achieving substantial Higgsino-Singlino mixing
necessitates near-degeneracy of the fields’ masses, con-
straining the Yukawa couplings A and « to satisfy A ~ 2«
[71]. As will be illustrated below, this constraint limits the
properties of Higgsino DM. Therefore, we conduct our
investigation within the framework of the General NMSSM
(GNMSSM) [76-78] to provide a more complete charac-
terization of these properties. We will show that the
properties of the Higgsino DM in the NMSSM are more
flexible than those in the MSSM, while remaining con-
sistent with various experimental constraints.

The remainder of this paper is structured as follows.
Section II delineates the distinctive characteristics of
the GNMSSM, with a particular focus on the analytical
examination of the Higgsino DM properties through
expressions of various observables. Section III elucidates
the research methodology and numerical outcomes that
highlight the novel aspects of the Higgsino DM. Section IV
discusses the context of our study in relation to previous
work and its prospects for future detection and other related
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issues. Finally, Sec. V offers a comprehensive summary of
the key research findings.

II. THEORETICAL PRELIMINARIES

A. Basics of the GNMSSM

The GNMSSM extends the MSSM by introducing a
gauge singlet superfield S, which does not carry any
baryonic or leptonic number. Consequently, its Higgs
sector comprises S alongside two SU(2), doublet super-
fields, H, = (A, AY) and H, = (AY, H;). The general
form of the GNMSSM superpotential is given by [71]

aAn oA K A
Waonmssm = Wyukawa +ASH, - Hy + §S3

+uH, - Hy+ %y’SZ + £8, (2.1)
where Wy awa contains the quark and lepton Yukawa
interactions from the MSSM superpotential but excludes
the u term, and the dimensionless couplings A and x
parametrize the Higgs-sector interactions, similar to the
Z3-NMSSM. The parameters p, 4/, and & describe Z3-
symmetry-violating effects, which help address the tad-
pole problem [71,79] and the cosmological domain-
wall problem in the Z;-NMSSM [80-82]. Since one
of these parameters can be eliminated by shifting § with
a constant and redefining the other parameters [83], we
set £ =0 without loss of generality. Previous studies
indicate that p and g/ can naturally lie in the range
of a few hundred GeV from the breaking of the funda-
mental discrete R-symmetry Z§ or Z£ at high energies
[80,83—-86]. These parameters can substantially modify
the properties of neutral Higgs bosons and neutralinos,
leading to a richer phenomenology than those in the Z;-
NMSSM and MSSM, which forms the main focus of
this study.

In contrast to the MSSM, the GNMSSM contains both
the traditional y term uH, - H; and a dynamically gen-
erated u term ASH .- H,. When the scalar component of S
develops a vev (S) = v,/+/2, the effective u parameter is
given by p = Av,/v/2 + p. This dynamical generation
provides additional flexibility in addressing the naturalness
problems associated with the g term in the MSSM. In
particular, if Av;//2 3 p, pi is predominantly generated
dynamically.

B. The Higgs sector

In the GNMSSM, the soft SUSY-breaking terms in the
Higgs sector include trilinear interactions involving the
singlet and doublet fields, as well as conventional mass
terms. These terms are expressed as

1
_'Csoft = AAASHM . Hd +§KAKS3 + m%Hu . Hd

1
+ 5m’st2 + &S +he.

+my [, +my |Hal? + mg|SP. (2.2)
After electroweak symmetry breaking, the CP-even and
CP-odd Higgs fields mix to form three and two mass
eigenstates, respectively. In this context, it is more intuitive
to work with physical parameters rather than the original
Lagrangian parameters. The key physical parameters are
given as the follows [78]:
(i) my: This parameter represents the mass scale of the
heavy MSSM-like CP-odd Higgs boson. It is
defined as

m3 = [Avg(V2A; + kv, + V2u') + 2m3]/ sin 2.
(2.3)
(i) mp: This parameter characterizes the mass scale of

the CP-even singlet Higgs. It is related to the
original parameters by

A ") sin 2
(A +4)sin2p

m3 =
i 2v/20,

KV

+ 2 (A4 2V 2k, + 34/
ﬂ( ')

2

-_H ? —ifl- (2.4)

\/EZ}S Vg

(iii) mc: This parameter describes the mass scale of the
CP-odd singlet Higgs, determined by

(A, + 2V 2kv, + ) sinZﬂ/1 )
v

mZ =
¢ 2\/§vs
KU,
——= A+
ﬁ( #)
2
- \/gv M? = 2m? —%5'. (2.5)

(iv) my and p.: These denote the Singlino and the
Higgsino masses, respectively, and are given by
Mot = 1+ A’Us/\/i

my = p + v 2k, (2.6)

In the basis defined by (Hygu = cospRe(HY) -
sin fRe(HY), Hgy = sin fRe(HY) + cos fRe(HY), Re[S]),
elements of the CP-even mass matrix read as [78]
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1
M3, =m + 3 (2m% — 22v*)sin?23,
5 Av
MS,13 = _\/_E (A/l + mN) COS 2ﬂ,
3 Av )
M5 = 7§ 2o — (A + my) sin2f],
Similarly, in the basis (Aygy = cos 8 Im(HY) —
sin # Im(HY), Im[S]), the CP-odd mass matrix elements
are [78]
M =m3, Miy,=mi,  M; :l—v(A,l—mN).
P11 =My, P22 =Mmc, P27 5

(2.8)

Here, tanf is the ratio of the Higgs doublet vevs; i.e.,
\/ V3 + v3 =246 GeV.

Diagonalizing these matrices yields the mass eigenstates
h; = {h,H, h} and a; = {Ay,A,}, which are related to
the interaction states via

tanf = v, /vy, with v =

h; = VisMHysy + ViMHsy + Vi Re[S],  (2.9)

a; = VM Axsm + Vi, Iml[S]. (2.10)
In this notation, /& corresponds to the scalar discovered at
the LHC, H and Ay represent heavy doublet-dominated
Higgs bosons, and /i, and A, are singlet-dominated states.
For convenience, these states are also labeled as #&;
(i=1,2,3) and A; (j=1,2) in ascending mass orders,
ie., my <my <my,, and my < m,, in this study. The
model also predicts a pair of charged Higgs bosons,

2 2 S,13 2 02
My, = M mZ—md’ my = ne —
S 2
Vh MS,ZS YNSM
VSM 2 27 h ’
h nmy, — mg
SM 2
Vh.s MS,23 yNSM
VS m2 —m2’ h ’
h hy h

1
M, = -2 (2m% — 221?) sin 4,

1
M35, = mjcos?2f + ExlzvzsinZZﬂ,

M a3 = mj. (2.7)

|
H* = cos pH: + sin fH, with masses given by [71]

(2.11)

Several important features characterize the GNMSSM
Higgs sector:

(i) Higgs mass spectrum

The LHC data reveal that one eigenstate must
exhibit SM-like couplings and have a mass of
approximately 125 GeV [87,88]. Additionally, the
doubletlike states should be heavier than approx-
imately 1 TeV, while singlet-dominated states are
less tightly restricted [89,90].
Doublet-singlet mixing

The mixing of the singlet states with doublet
fields is proportional to A. In the decoupling limit
A — 0, the singlet fields effectively separate from the
Higgs doublets, and the masses my, mc, and my can
be treated as physical particle masses with high
accuracy.
Heavy charged Higgs approximation

When the charged Higgs bosons are heavy, they
are approximately degenerate in mass with the CP-
even scalar H and the CP-odd scalar Ay. Simplified
expressions for the singlet-dominated states and their
mixing parameters can be used in this limit [91]:

(i)

(iii)

M1, VI}I%«M Mi 1,
I S > =0,
my —me Vpa, — My —my
VS
SM N
VM~ |1 - (VSM) 1,
VSM\ 2
VS ~ 1-( ’;;) ~1. (2.12)
s Vh

These formulas indicate that V}} ~ —V3M, and they are all proportional to A.
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(iv) Parameter determination

Using the physical masses my, mg, mc, my, and p as inputs, the original Lagrangian parameters can be

determined [78]:

A m3 sin 23 kv, WA
Bt e K = my = V2, mi:AT‘”K(?*ﬁ*ﬁ)’
/ Us (A/l +/"/) SiHZﬂ 2, KU / H 2 2:|
=— | W +—= AK+2\/§KUS—|—3 —— " —m3|,
e= N V2l K= e s

mg = {m% — m% + Ak sin 2302 —2\/§Kvs<AK+LvS —l—u’)}

(v) Parameter dependence

In the Higgs sector, eight out of 11 parameters,
namely tanp, A, A;, my, mp, mc, my, and p,
uniquely determine the Higgs mass matrices.
The remaining three parameters, x, A,, and vy,
play a distinct role in governing the triple Higgs
coupling strengths [78]. In the vanishing tadpole
scenario delineated by & =0, A, takes the
form [78]:

B V2m3 +/1/4112 _/1(A,1 +my —V/2kv,)v?sin 2
o, v? 202

+ \/EKZUS —3kmy.

KA,
(2.14)
Moreover, investigations of the light s, scenario

usually employ a parametrization of M§,23 as
|

M, O —mysinfy cosp
M, mgzcos8y cosf
My = 0

where M and M, represent gaugino soft-breaking masses,
and we define sy, = sin Oy, and c,, = cos Oy,. The physical
mass eigenstates 7V are obtained through diagonalization
using a rotation matrix N:

7 =Nayw) + Noyd + Ny + Nyl + Nisy?,  (2.16)
where the index i runs from 1 to 5, with states ordered by
increasing mass. The coefficients N3 and N4 represent the
HY and HY components in 7?, respectively. We call 7! the
Higgsino-dominated DM if (N2, + N?,) > 0.5.

When the gauginos become very massive, they effec-
tively decouple from the Higgsino-Singlino system. This

7 (2.13)

M2 ,; = V2280, where & is defined by 6=
200 — (A7 + my) sin 28]/ (2pi) [92]. This param-
eter 0 serves as a measure of the cancellation
between different terms in M3 ,;. A key advantage
of this parametrization emerges when ¢ takes small
values: It naturally accommodates larger values of 4
while maintaining consistency with the LHC mea-
surements of the 125 GeV Higgs properties.

C. Neutralino sector

The mixing between the fermionic partners for the
neutral Higgs bosons and the gauginos gives rise to five
neutralinos and two charginos, denoted by )?? (i=1,...,5
and 77 (i = 1,2), respectively. In the gauge eigenstate basis
W' = (=iB,—iW, HY, HY,S), we can express the symmet-
ric neutralino mass matrix as [71]

my sin Oy, sin 0
—my cos By sin 0
~Hrot _%/17} sin f} (2.15)
0 —\/%ﬂv cos
my

l
decoupling reduces the original 5 x 5 neutralino mass
matrix to a simpler 3 x 3 matrix that captures the essential
Higgsino DM properties. Working in the basis (H, =
(H,+H,)/V2, Hy=(H,-H,)/V?2,5), this reduced
matrix takes the form:

e 0 —3Av(sinf + cosp)
My = ot —3Av(sin — cos f) (2.17)
my

The corresponding mass eigenstates in this reduced basis
can be expressed as
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f(? :N;'II:II +N;’2H2+N:’3S’ (2~18)

where the elements of the new rotation matrix N’ are
given by Ni, = (N +Ny)/V2 Njy= (N3 —Ny)/V2,
and N3 = Ns.

Our subsequent analysis focuses on scenarios featuring
substantial mixing between H, and S states. We para-
metrize my using a positive number d, such that
my = —(1 + d)p;, and we work under the assumptions
Mot > 0and po > duy > Av. Following the methodology
outlined in Ref. [93], we derive approximate expressions
for neutralino masses and mixing parameters:

\/(dﬂtot)z + 220°(1 + sin 2) F duo,

myo = =t +

X1 2
2202(1 —sin2p)
Mo = fio + T S (2.19)
which implies
22v%(1 + sin2p)
My = —Hiot + Tﬂmt, My = Hiots
My = —Hior — dpor (2.20)

if du,y s significantly larger than Av, and

N}, _ _Av(sinf + cos p) ' _ Av(sin § — cos f3)

:'3 z(ﬂtot + m}??) ’ N ;‘3 Z(ﬂtot - m)??)
(2.21)

The Singlino component in 79 can be expressed as

N\ 2 N\ 2\ -1
N/ 2 _ 1 il i2
o= 1+ (72) + (5
2(m§? _ﬂtzot)z
2(’”;{1 —pio)® + 2207 (méo + Hio = 2sin zﬁﬂtotm;??) .
(2.22)

For the parameter space relevant to our study, which is
characterized by A~ O(0.1) and py > 600 GeV, the
rotation matrix N’ can be approximated by a simpler form:

cos@ O
0 1 0 ,

—sinf 0 cosd

sin @
N/

1

(2.23)

where the Higgsino-Singlino mixing angle is given by

dp — \/(dﬂtm)z + /1202(1 -+ sin Zﬂ)

tan g =
an Av(sin B + cos f3)

~

v
B 2dpuyo

(sinf +cosf), if du > Av.  (2.24)

This simplified representation of N’ significantly facilitates
the analysis presented in subsequent sections.

D. DM relic density

The relic density of weakly interacting massive particle
(WIMP) DM can be calculated from its thermally averaged
annihilation cross section in the nonrelativistic limit. In the
absence of coannihilation, this cross section is given by [2]:

b
(oav) = a+ b(v?) + O((v*)) ~a + 6—, (2.25)
X
where a represents the velocity-independent s-wave
contribution, and b incorporates both s- and p-wave
components. The dimensionless parameter x = m; /T

characterizes the ratio of DM mass to the thermal bath
temperature 7 in the early Universe. Furthermore, by
solving the Boltzmann equation from the freeze-out tem-
perature to the present day, one obtains the current relic
density [91]:

1/2 -26 3
an? — 0.12(30) 7 (2e) (2307 emT/s) g o)
[ 25 (ov),,

where g, ~ 80 denotes the effective number of relativistic
degrees of freedom at freeze-out, and x = m/Tp ~ 25 is
determined by the freeze-out condition [91]. In scenarios
with coannihilation, the relic density is computed in a
similar way, as shown by Eq. (15) in Ref. [94].

For the Higgsino DM in this study, the observed relic
density is primarily achieved through two types of proc-
esses: direct annihilation 7{7? — XY (where X and Y are
SM particles) and coannihilation processes involving
channels such as 79 , 177, 7179, 717 — XY. The effective
annihilation cross section is given by [94,95]

Oeff = ZG()?i)?j - XY)
ij

x gg’ff (14 A)¥2(1+ A2 exp[—x(A, + A,),
eff

(2.27)

where A; = (m; — m)??) /mjtl), g; denotes the degrees of
freedom for j;, and

N
Gett = gi(1+ A;)¥? exp(—xA)). (2.28)

i=1
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For the parameter space delineated by A~ (0(0.1) and
Uit > 600 GeV, the GNMSSM predictions on the cross
sections o(7;7; = XY) can be approximated by scaling
the corresponding MSSM ones with factors f5 ; 7 which

arefoo—cos 0, f~0i—C0$29 fOt—Sln 0, fan =
cos? @sin? @, and f)-(gﬁ = f)?1 7= = 1. This relationship is

verified by calculating the s-wave contributions to the cross
sections for 797) - WW and )?(1))((1) — ZZ, which proceed

via r-channel exchanges of 7{ and 7" 23> Tespectively:

1 4eosto < > 1 g4
———¢"cos™0, e
1287zm?2, g 22= 256m?, cév

7 s

1

(ov) 3w = ~-cos*0.

(2.29)

These results differ from the MSSM predictions [2,96] by a
factor cos* €. It arises from two sources: a cos @ scaling of
the )7+ W and 7! ;(ZZ couphngs and the strong suppres-
sion of })#VZ and 79 i3 9Z couplings in the GNMSSM.

Overall, these findings demonstrate that both the mass
splitting among Higgsino-like particles and the Higgsino-
Singlino mixing are crucial in determining the final relic
density.

E. DM direct detection

In scenarios where squarks are extremely massive, the SI
scattering of DM off nucleons predominantly arises from
the r-channel exchange of CP-even Higgs bosons. The
cross section is given by [2,97,98]

oSl — 4u?

IR

on. Cnnn,
A YISy T

i

(2.30)

Here, N = p, n denotes a proton (p) or neutron (n), and

m
Cwni, = —— [Fg(Vi}V[ — tan fV)*M)

1
VNSM .
Tanp ﬂ

In this expression, FY and FY are defined by FY = !
fY 4 3 fg and FY = fiY
form factors ng) = my' (N|m,qq|N) for g=u, d, s
represent the normalized contribution of light quarks to
the nucleon mass. The term f(GN) =1-> uds fS,N)
accounts for the heavy quarks contributions (see, e.g.,
Refs. [97,98]). Under the default settings of the mictOMEGAs
package for ng) [99-101], one obtains Fl ~ F" ~ (.15,
F! ~ F" ~0.13, implying that ¢} is approximately equal
to o3 without strong cancellations between different
contributions. This approximate degeneracy, however, is
usually broken for small 6} and o' as suggested by recent

LZ results [50].
Regarding the Higgs coupling to the DM pair, Cyoy, , it

R (v;_M (231)

+ % f (GN), where the nucleon

is approximated by [71]
Cyogon, = Asin 6 cos O[V)SM(cos ff —

+ ViM(cos f + sin )]

sin f3)

A
— V2«V; sin’0 + 7 Vi cos?0),

where the Higgsino-Singlino mixing angle is defined
in Eq. (2.24).

In the limit where the charged Higgs bosons are very
massive, one finds V)™ ~ 0, and V)™ ~ 0. Furthermore,
as discussed in Ref. [78], the H- medlated contribution can
be safely neglected due to its suppression by a factor 1/m%,.
Consequently, assuming F = F ’(}’ , the SI cross section can
be simplified to [102,103]

(2.32)

A\2
py = mymz/(my + my) represents the reduced mass of ~5x 107 cm? (O 1) (2.33)
the DM-nucleon system. The coupling Cyy, characterizes
the strength of Higgs-nucleon interaction and is written as ~ with
|
125 GeV S 125 GeV Vs
A= <4mh ) VllMC;??)ZUh + <—mhx ) i\ACX?Xo
125 GeV)\? 125 GeV)?
= A(cos f# + sin f#) sin @ cos @ {<7e> (VEM)2 4 <7e) (VﬁM)z}
mp mp
A 125 GeV)\2 125 GeV)\2
+ 2 cos?0| [T ) Tysmys (2220 ) Tysays
V2 my mp, b
125 GeV 125 GeV)\ 2
V2 Ks1n29K © ) ViMys + <7e> Vngi}. (2.34)
mh mhj s s
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Given that VM = V5 ~ 1, V3 ~ —V3M, cosd ~ 1, and that
V3, VM sin 0 are proportional to A, we have the following

observations:
(i) The leading contributions in the first, second, and
third terms of A scale as 12, 22, and k13, respectively.
(i1) Cancellations occur among the contributions from
different Higgs bosons, with /i, potentially exerting
a significant influence when it is light.
(iii) A sufficiently large x with an appropriate sign can
counterbalance the other contributions.
(iv) The sign of V3, as given in Eq. (2.12), can induce
cancellation between the first and second terms
of A.
On the other hand, the SD scattering cross section is
primarily due to z-channel Z boson exchange. It can be
expressed as [104]

C'0~0 2
Y
UISVD — CN X < 141 > ,

o (2.35)

where C, =3.1x10 pb and C,=4.0x10"* pb
reflect differences in nuclear structure. The normalized
coupling of DM to Z boson, C;??;??Z’ is given by

Cypopz = Nis — Ni,. Notably, this coupling vanishes under
the mixing angle approximation in Eq. (2.23), reflecting a
strong suppression of the SD cross section. However, using
the exact expressions for the neutralino mixing matrix

elements given in Eq. (2.21), one obtains
Hiot + Mz 22v% cos 23
row  AP07(1 4 sin2f3) + 4(pe + m;;?)z ‘
(2.36)

Conz ™

Using the approximation of my in Eq. (2.20), one can infer
that Cyooz is suppressed by a factor of A2v?/(duz,). It

vanishes when tan # = 1, which was called the blind-spot
for the SD scattering in literatures.

III. NUMERICAL STUDY

This section outlines our sampling methodology and
examines the distinctive features of the Higgsino DM
in the GNMSSM. Our numerical analysis follows a
systematic approach using state-of-the-art computational
tools. We begin by implementing the GNMSSM model
routines using SARAH — 4.15.3 [105-108]. The particle
spectrum and low-energy flavor observables are then
computed using SPheno-4.0.5 [109-111] and FlavorKit
[112], respectively. For DM physics observables, we
employ MicrOMEGAs — 5.0.4 [113-120]. The param-
eter space exploration is conducted using a parallelized
version of the MultiNest algorithm [121] within a
modified version of EasyScan [122]. This approach

TABLE I. Parameter space explored in this study, where d’ is
defined as d' = d/0.1 for simplicity. All input parameters are
assigned flat distributions in their priors due to their well-defined
physical interpretations. To concentrate on the effects of Higg-
sino-Singlino mixing on the DM properties and also to evade
strong constraints from the LZ experiment, we set the gaugino
masses M and M, at 2 TeV to ensure that the Higgsino-Gaugino
mixing remains small. Additionally, since the soft trilinear
coefficients for the third-generation squarks, A, and A,, can
significantly influence the SM-like Higgs boson mass through
radiative corrections, we establish A, = A, and allow them to
vary. All other dimensional SUSY parameters not central to the
analysis are kept fixed: & = 0, mc = 400 GeV, v, = 600 GeV,
and a universal value of 3 TeV for the remaining parameters,
consistent with constraints from the LHC new physics searches.
All parameters are defined at the renormalization scale
Oinpue = 1 TeV. The final parameter space is derived through
multiple scans over significantly wider ranges.

Parameter  Prior Range Parameter  Prior Range
K Flat  -0.7-0.7 tan Flat 5-30

A Flat 0-0.5 d Flat  0.1-0.7
0 Flat —0.2-0.2  mp/TeV ~ Flat  0.05-0.3
A,/TeV Flat 2.5-5 Ho/TeV  Flat  0.6-1.1

efficiently identifies high-likelihood regions, detects
multiple modes, and provides robust Bayesian evidence
estimates. To identify viable parameter regions and extract
physical insights, we analyze the obtained samples using
profile likelihood (PL) methods within the Frequentist
statistical framework [123]. In our analysis, we also
integrate the latest 125 GeV Higgs data and findings from
the LZ dark matter direct detection experiment to inves-
tigate their impact on the model’s characteristics.

A. Research strategy

Through a process of trial and error, we identify the
GNMSSM parameter space to be explored, as shown in
Table 1. Given the high degree of fine-tuning in the
Higgsino DM region, we partition the 4 — u,, plane into
a 10 x 10 grid to capture the underlying subtle physics
more accurately. Each grid subsection undergoes a paral-
lelized MultiNest scan with 6000 live points, configured by
setting the parameter of the algorithm, nlive, at 6000.

The rationale for each parameter range is grounded in
theoretical consistency, phenomenological viability, and
the specific objectives of our analysis, as detailed below:

(1) Dimensionless couplings (A,x): The dimensionless

couplings A and x are fundamental to the model’s

structure. Their ranges are primarily constrained to

ensure the validity of the theory up to the grand

unification(GUT) scale [71], with additional con-

siderations as follows:

(a) We set 1€ [0,0.5] to ensure substantial mixing
between the Higgsino and singlino, which is
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central to the neutralino phenomenology we
study. Larger values of As become disfavored
by the Higgs data fit and the DM-nucleon
scattering constraints discussed below.

(b) The range x € [—0.7,0.7] allows for a significant
variation in the singlet self-coupling while main-
taining theoretical consistency.

Higgs sector and radiative corrections (A,,tan):

These parameters are crucial for obtaining a realistic

Higgs sector:

(a) The trilinear soft-breaking parameter A, is
scanned within [2.5, 5] TeV. This range is
motivated by the requirement to generate suffi-
cient radiative corrections to achieve a Higgs
boson mass of 125 GeV.

(b) We set tan § € [5, 30]. The lower bound is chosen
to ensure a substantial tree-level Higgs boson
mass and meanwhile remaining consistent with
LEP constraints on the Higgs sector [124]. The
upper bound helps avoid large flavor-violating
effects, particularly from Br(b — sy) constraints,
and ensures the stability of the electroweak
vacuum against color breaking minima [125].

Neutralino mass and mixing phenomenology

(tior» d', 6): This set of parameters directly controls

the DM candidate’s properties:

(a) The effective Higgsino mass parameter g, is
varied in the range [0.6, 1.1] TeV. This allows us
to investigate a phenomenologically interesting
region where the Higgsino-like charginos and
neutralinos have masses from approximately
600 GeV to 1 TeV. This range is explicitly
chosen to test compatibility with the observed
DM relic density and stringent direct detection
limits.

(b) The parameter d' (defined as d =d/0.1)
parametrizes the mass splitting between the
singlino and Higgsino states via the relation
my = —(1 + d) ;. We scan d' €[—0.2,0.2] to
explore scenarios with small to moderate mass
splittings, which have important consequences
for Higgsino-Singlino coannihilation and relic
density calculations.

(c) The parameter & is defined via M%ﬂ =
V2A8vp,, and serves as a measure of cancella-
tion in the CP-even Higgs mixing matrix
element M3 ,, [see text below Eq. (2.14) in
our manuscript]. By scanning 6 € [-0.2,0.2], we
allow for moderate cancellations—a crucial
mechanism that enables moderately large A
values to remain consistent with constraints from
Higgs data fits [92].

Singlet CP-even Higgs boson mass mpg: This param-

eter may play a significant role in DM-nucleon

scattering, where smaller values usually lead to more

substantial impact on the scattering cross section. Its
lower bound is motivated by the need to avoid
excessively large branching ratios for the decay
channel h — hghg, which would conflict with cur-
rent Higgs decay measurements [126]. Its upper
bound is chosen to ensure that the effects of the
singlet Higgs remain phenomenologically signifi-
cant and observable, as verified by our numerical
analysis.

During these scans, we construct a joint likelihood
function that incorporates DM relic density, DM direct
detection limits, and a range of other experimental con-
straints, including LHC Higgs data. For the relic density
likelihood L2, we adopt a Gaussian distribution centered
on the Planck Collaboration’s measurement [1], with a 10%
theoretical uncertainty to account for systematic calculation
errors. For direct detection constraints from the LZ results in
2022 [49], we define L;; using a Gaussian distribution
centered at zero with variance 52 = (UL,/1.64)? 4 (0.26)?,
where UL, represents the 90% confidence-level upper limit
on the SI scattering cross section, and the 0.2¢ term accounts
for nuclear response and other theoretical uncertainties
[127]. Furthermore, since the SI cross section for DM-
proton scattering, o5, may significantly deviate from that

for DM-neutron scattering, o5, when the scattering rates
are tiny, we define the effective SI cross section as

oSk = 0.169035" + 0.34765" + 0.484, /o5lo5! [128], which

averages the abundance of different xenon isotopes in nature
[129], and compare it with the published results of the LZ
experiment.

The complete likelihood function is formulated as

L= Loy X L17 X Leonsts

1 /Qh*—0.120\2 SL
o - L (TEOV] gl ]

2 0.012 282
c { 1, Satisfying all experimental constraints
const Exp[—100]. Otherwise

(3.1)

Constraints included in L, encompass:

(i) DM component: 7?9 should be Higgsino-dominated,
ie., N3y +Ni, > 0.5.

(i) Higgs data fit: The properties of the Higgs boson &
observed at the LHC must align with ATLAS and
CMS measurements at 95% confidence level. As-
suming a 3 GeV combined theoretical and exper-
imental uncertainty for m,, we computed the p value
of the fit using HiggsSignals —2.6.2 [130-133]
and required it to be larger than 0.05.

(iii) Extra Higgs searches: Comprehensive searches for
additional Higgs bosons at LEP, Tevatron, and LHC
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are implemented using HiggsBounds — 5.10.2
[134-138].

(iv) Indirect DM searches: The Fermi-LAT Collabora-
tion has made years of observations of dwarf
galaxies, limiting the annihilation cross section as
a function of the DM mass. We employed the
likelihood function proposed in Refs. [139,140] to
implement this constraint. We also used the latest
MDHAT package, which incorporated 14 years of
publicly available Fermi-LAT data from a set of 54
dwarf spheroidal galaxies, to improve this constraint
[141,142].

(v) B-physics observables: Branching ratios for B, —
uTp~ and B — X,y must conform to experimental
measurements within 2¢ [143].
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FIG. 1. Two-dimensional profile likelihoods of the function £ in Eq. (3.1), projected onto the \mﬂ)

Notably, we exclude LHC SUSY search constraints as they
do not impact our parameter space due to the high mass of
the Higgsino DM under consideration.

B. Numerical results

Through our scanning procedure, we obtained a total of
2,146,266 parameter points. We then applied Higgs data
fitting constraints to these samples using the latest version
of HiggsTools-1.2 [144] and reanalyzed the previously
scanned parameter points. This updated version of the
HiggsSignals and HiggsBounds represents a significant advance-
ment over HiggsSignals-2.6.2 by incorporating 22 additional
physical observables, thereby raising the total number of
observables for fitting Higgs properties to 129 [144].
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-1, |m)~((lj -d, |m)~((]J — Nys, and

"";z?‘ — Am planes, respectively. Here, N5 ~ sin 0 represents the fraction of Singlino component in the Higgsino-dominated DM, and
Am = my. — |m)~(<l)\ denotes the mass splittings between i and 79. Since the best point (marked with pin symbol) yields 2 ~ 0, the

boundaries for 16 and 26 confidence intervals correspond to ¥ ~ 2.3 and y* =~ 6.18, respectively, indicated by white and red solid lines.
This figure illustrates how the DM relic abundance constrains the parameter space of the GNMSSM. In generating this figure, we have
applied constraints from the 2022 LZ results [49] and the latest Higgs data fitting procedures described in Ref. [49], as detailed in the
preceding text.
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In our refitting process, we assumed an uncertainty of
3 GeV for m; and required the samples to satisfy
Xiiiges — Xsma2s < 618, where y. . is the value obtained
from the 125 GeV Higgs data fit with HiggsTools-1.2, and
)(éM,lzs ~ 176.3 corresponds to a pure SM Higgs boson in
the GNMSSM [77]. After applying these constraints, we
obtained 276,077 points, representing a reduction of
approximately 87.1%.

We verified that the excluded samples are characterized
by substantial values of V5, which typically correspond to
moderately large A values. The underlying reason for
this behavior is that sizable 1 values are preferred in this
study to achieve significant Higgsino-singlino mixing, but
such values tend to create tension with the Higgs data
constraints.

Based on these points, we plotted the PL distributions
across various two-dimensional planes,' enabling us to
analyze the characteristics of Higgsino DM and its under-
lying physical mechanisms.

We first examine how the DM relic abundance depends
on the model parameters. Analysis of the scanned param-
eter points reveals that in most cases, DM achieves the
experimentally measured relic abundance primarily
through coannihilation processes 7977, 757+ — XY, where
X and Y denote SM particles, along with the annihilation
process 707 — ZZ,WW,ti. According to the relevant
equations in Sec. IID for very massive gaugino cases,
the relic density primarily depends on the mixing angle
with sin@~ N5 and mass splitting Am = mg: — |m1<l)|
which are ultimately determined by parameters A4,
Hior = \m)?(]) , and d'. Figure 1 shows the PL distribution

of the parameter points projected onto the |m)?(]>| -,

|m)?<l>| -d, |m)(?| — Nys, and |m)(?| — Am planes, where

white and red solid lines represent the boundaries of 1o

and 20 confidence intervals, respectively. Given that the

best-fit point has y? ~ 0, these contour lines correspond to

x> ~2.3 and y? ~ 6.18, respectively. From Fig. 1, we can
draw the following conclusions:

(i) In the Higgsino DM scenario of the GNMSSM, due

to mixing between Higgsino and Singlino, DM with

n frequentist statistics, the two-dimensional PL refers to the
maximum likelihood value in a specific parameter space [123].
For a given set of input parameters ® = (0, ©,, - - -), this PL is
obtained by maximizing the likelihood function while varying the
other parameters:

£(®A7®B) = max

£(®) b
01,....04-1.9441.....0p_1,0p .

(3.2)

At a given point (04,03), L£(0,4,0p) reflects its capability to
explain the experimental data, or alternatively, the data’s pref-
erence for the parameter space of the theory. Correspondingly,
one may define y?> for the PL function as x?(0,,05) =
—21In £(0,4, ©3) to measure the point’s capability in explaining
the data.

(i)

(iii)

@iv)
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mass as low as 670 GeV can yield a relic density
consistent with the experimental measurements. In
contrast, the Higgsino DM in the MSSM requires a
mass of approximately 1.1 TeV to obtain an appro-
priate relic density, with a typical Am value of less
than 1 GeV after considering the constraints from
latest LZ results (see point P2 in Table II). This
indicates that GNMSSM has a significantly larger
parameter space for producing viable Higgsino DM
than the MSSM.

When DM mass is around 670 GeV, relatively large
values of |Ns| and Am (specifically N5 ~—0.70,
Am ~ 15 GeV) are required to match experimental
results. This is because under these conditions, the
effective annihilation cross section of DM can be
significantly lower than that predicted by the MSSM
for the same mass, thereby increasing the relic
density.

As |ml(])| gradually increases, the 26 upper limits of
A, d', and N s all rise significantly, from 0.12, 0.25,
and —0.7 to 0.32, 0.7, and —0.28, respectively. This
occurs because as |m}?<l)| increases, DM can achieve

the experimentally measured relic abundance
through the coannihilation of Higgsino-dominated
particles alone, making the mixing between Higg-
sino and Singlino no longer a necessary condition
for predicting the correct relic density. Conse-
quently, the relic density’s dependence on Njs
weakens, allowing it to vary over a wider range
(for instance, —0.6 < N5 < —0.28 when the DM
mass is 1000 GeV). According to Eq. (2.24), both 4
and d can take larger values in this case. In
comparison, as |my| increases from 700 GeV, the

20 upper limit of Am shows only a slight increase,
stabilizing around 25 GeV. This behavior arises
because Am appears only in the exponential term
of o, in Eq. (2.27). If we perform a Taylor
expansion of Eq. (2.27), the leading-order contri-
bution of the coannihilations to o, usually acting
as the dominant component of the total cross section,
is approximately independent of DM mass. This fact
suggests that the relic density and its related Am are
also largely independent of DM mass.

The yellow regions in Fig. 1 correspond to relatively
small y? values, indicating that these areas can well
explain experimental results. The PL map on the
|m)~(<l)| — A plane shows that A in this region is

concentrated within a narrow range. This is because
A not only affects DM relic density through N5 and
Am, but also influences Higgs physics [see the
Higgs mass matrix in Eq (2.7)] and DM-nucleon
scattering in more complex ways. As a result, 1 is a
critical parameter strongly constrained by various
experiments, with current LZ experimental results
favoring tiny A values. Figure 1 also shows that d’
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TABLE II. Detailed information for two benchmark points compatible with all experimental measurements. Point P1 represents the
best-fit point from Fig. 3, while P2 corresponds to the MSSM limit of the GNMSSM, characterized by a particularly small 4 value. All
mass-dimensional parameters are expressed in GeV, and elements of the rotation matrices V and N are presented in units of 1072

Point P1
Parameter Value Parameter Value
tan 21.96 tan 29.86
AK 0.037,-0.13 A K 0.009, —0.029
d,s 0.21,-0.10 d,s 1.80, 0.17
Vs oot 600.0,853.2 Vg, fiot 600.0, 1115.2
my, mg, Me 3000,194.3,400 my,mg, Mmc 3000, 135.4, 400
M, M, 2000,2000 My, M, 6000, 6000
Particle Mass spectrum Particle Mass spectrum
;??,;?g,j{g —865.9, 866.1, —875.5 NSA 1136.9,—1137.3,—1316.1
Vel 2007.4, 2023.3 Vel 5940.1, 6064.5
Vinyex 868.2, 2023.2 Viyex 1137.5, 5940.2
hy,h, H 148.6,124.6,3242.2 hg,h, H 116.2, 124.5, 4242.8
Rotation matrix Element value Rotation matrix Element value
Vi VM ys ysM 98,17, —17,-98 vy VM ys ysM 96,25, 24, 96
Ni1,Ni23,Ni3,Ni4, N5 —1,1,50,51,-70 Ni1,Ni5,Ni3,Ni4, N5 1,-1,71,-70,0
N21,N22,N23,N24,N25 —3,5,—71,71,0 N21,N22,N23,N24,N25 0,—1,—71,—71,—1
N31,N32,N33,N34,N35 1,—1,—50,—50,—71 N31,N32,N33,N34,N35 0,0,1,—4,99
N41,N42,N43,N44,N45 —47,—88,—1,3,0 N41,N42,N43,N44,N45 0,99,0,—1,0
Nsi, N5y, Ns3, Nss, Nss 88,—47,-2,5,0 Nsi,Ns>, Ns3, Ns4, Nss -99,0,0,-1,0
Primary annihilation Fraction [%] Primary annihilation Fraction [%]
7yt — da/du 8.40 A — 1 6.90
W5rT = s¢/sc 8.40 P7E - ud/du 6.73
it — dufud 4.36 it — se/es 6.73
7t — c5/es 4.36 P57 - di/du 6.43
WH = ev,/ve 2.80 Ayt - se/sc 6.43
I = W 2.80 v 541
- wWiwe 2.67 it - bi/tb 4.34
I = 1 /v 2.59 T — bi/th 422
DM observable Value DM observable Value
Qh? 0.120 Qh? 0.118
gf){n (1073 cm?) 9.67,0.25 af},, (10747 cm?) 2.25,2.31
aSP /(1074 cm?) 4.12,3.14 030/ (107 cm?) 2.67,2.05

and N5 can span a wider range, reflecting the fact
that, for larger DM masses, neither d’ nor N s is m,
crucial to DM physics. Moreover, Am is similarly )
confined to a narrow range in the figure. This is @)
because Am affects the relic density exponentially,

and large variations in Am would lead to rapid

changes in the relic abundance, which contradicts
experimental results.

Next, we discuss how direct detection experiments
constrain the parameter space. From Eq. (2.34), we know (ii)
that the SI scattering cross section between DM and
nucleons depends on parameters 4, Ns, K, mp ., and Vi.

Figure 2 depicts the PL distributions for the my =K,

s
My — my, , My — 6, and myp = Vi, planes, where parameter

X

095022-12

5 influences V§ through Eq. (2.12). The results show that «,

5, and V3 can vary across relatively large regions,

primarily due to two reasons:

Equation (2.34) indicates that the leading-order
contribution to the SI scattering cross section is
proportional to A*. When 1 is sufficiently small, the
cross section can be drastically reduced, ensuring
compatibility with the LZ experiment and allowing
other parameters to be larger.

Depending on the signs of N5, k, and Vﬁ , different
terms in Eq. (2.34) may cancel each other, further
reducing the scattering cross section between DM
and nucleons. When « takes large values and 7, is
light, the influence of the singlet-dominated Higgs
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FIG. 2. Same as Fig. 1, but for the profile likelihood projected onto the |mgo| =k, |[mp| —my, , [my| =5, and |myp| - V3 planes,

respectively.

particle on the scattering cross section increases,
which can further enhances this cancellation effect.
Combining the results from Figs. 1 and 2, one sees
that negative values of N5, k, &, and V}SI tend to
strengthen these cancellations, thus aligning more
easily with LZ experimental results.

Furthermore, we found that since the SD scattering cross
section between DM and nucleons is suppressed, its
constraints on the parameter space are generally weaker
compared to SI scattering when considering the LZ data in
2022. However, in certain special cases, it may also provide
more stringent constraints.

During the revision of this study, we noted that the 2024
LZ results had just been published [50], which significantly
improved the sensitivity of DM-nucleon scattering cross
section by nearly 1 order of magnitude compared to the
results from 2022. This enhancement necessitated updating
our analysis to incorporate the new constraints. After
applying these refinements, our sample size decreased
from 276,077 points obtained in Figs. 1 and 2 to 30,299

points. Again, this substantial reduction demonstrates the
remarkable constraining power of recent experimental
advances in limiting the viable parameter points of the
Higgsino DM scenario. However, despite this significant
reduction, most of the two-dimensional PL maps in Figs. 1
and 2 remained largely unchanged, with notable exceptions
occurring only in the |mg| — 4 and [m| — V% planes. This
selective sensitivity highlights a key insight into the model:
Among all parameters, 4 (and consequently V3) alone plays
particularly crucial roles in Higgs and DM phenomenology.

To clearly illustrate the impacts of the 2024 LZ results,
we present in Fig. 3 the PL maps of £ projected onto the
— A and |myp| - V3 planes. The left panels demon-

|m2‘,)
strate that the 2¢ upper bound on A decreases from
approximately 0.32 in Fig. 1 to 0.28. Remarkably, the
most favored region for 4, highlighted by the yellow band,
remains stable around 0.04, consistent with our previous
findings. Turning to V%, the allowed region contracts
significantly, particularly near the boundaries, as clearly
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experimental constraints, reflecting current status of DM interactions with nucleon in the GNMSSM.

demonstrated by comparing the bottom-right panel of
Fig. 2 with the right panels of Fig. 3. Nevertheless, even
under these increasingly stringent constraints, our analysis
reveals that DM can still be as light as approximately
670 GeV while remaining fully compatible with all
experimental measurements.

We also present in Fig. 4 the PL. map of £ on the |m)~{(]>

SD
Oy

and |my| — oy planes, considering all samples that
satisfy the updated constraints. For reference, the latest LZ
exclusion bounds from Ref. [50] are also shown. It can be
seen that 65° can be reduced to about 2 x 107** cm? for
A=~0.02, roughly 1 order of magnitude below the current
LZ limits. Even more dramatically, 63} can reach values as
low as 107 ¢cm?, which lies 3 orders of magnitude below
the corresponding LZ limits and 2 orders of magnitude

below the neutrino floor. The reason behind these dispar-
ities is that as indicated by Eq. (2.36), o3P is suppressed
only by a factor of 1*v*/(d?ug,), whereas 65} depends on
multiple parameters of the GNMSSM, each contribution
being suppressed by at least 1* with the added possibility of
cancellations among different terms. Our analysis further
indicates important implications for future experiments: If
upcoming DM direct detection experiments improve cur-
rent sensitivities by just 1 order of magnitude without
finding any evidence of DM, the parameter 4 would be
constrained to values significantly smaller than 0.02. This
constraint would primarily arise from limitations on o},
rather than on 65%.. Consequently, the Bayesian evidence for
the Higgsino DM scenario within the GNMSSM frame-
work would be substantially reduced.
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C. Benchmark points

Before completing the presentation of the results, we
show in Table II detailed information for two benchmark
points that satisfy all experimental constraints. Point P1
corresponds to the best-fit point obtained by minimizing the
x* function specified in footnote 1. It features substantial
Higgsino-Singlino mixing, enabling a sub-TeV )?(1) to
achieve the measured DM relic abundance primarily
through coannihilation processes involving Higgsino-
dominated states. By contrast, point P2 represents the
MSSM limit within the GNMSSM framework, illustrating
a viable pure Higgsino DM scenarios. It is characterized by
an extremely small A, which explicitly suppresses the
Higgsino-Singlino mixing. This fundamental difference
in mixing significantly alters the relative importance of
various annihilation channels in the two scenarios. For
instance, when examining the effective annihilation cross
section o.y formulated in Eq. (2.27), we find that the
779 — 1 process contributes only 1.1% to o5 for Point
P1, whereas this contribution increases to 6.9% for Point
P2. Consequently, a heavier ;?(1) mass of approximately
1.1 TeV is required for Point P2 to attain the correct relic
abundance via Higgsino coannihilation mechanisms.

Aside from these evident differences, another crucial
distinction between the two points lies in the gaugino masses:
M, and M, in P1 are significantly smaller than those in P2,
yet both configurations remain compatible with LZ results.
This compatibility arises because the effects of Higgsino-
Singlino mixing on DM-nucleon scattering cross sections
can effectively cancel against those from Gaugino-Higgsino
mixing, allowing for relatively light gauginos around 2 TeV
to remain consistent with the direct detection constraints. To
illustrate the importance of this cancellation mechanism,
consider that if we set M; = M, =2 TeV while keeping
other parameters of P2 unchanged, the predicted cross
sections would increase drastically: ¢ = 6.8 x 107* cm?,
oy =7.0x 107 cm?,63° = 4.7 x 107 cm?, and 63° =
3.6 x 107 ¢cm?. All of these values exceed current LZ
upper bounds by more than 1 order of magnitude. These
findings underscore the central conclusion of this work: The
GNMSSM provides a significantly broader and more flexible
parameter space than the MSSM for accommodating viable
Higgsino-dominated DM scenarios.

IV. OTHER ISSUES

This section addresses other important aspects of our
study, including its relationship to previous work and the
prospects for future experimental detection.

A. Study context and novel contributions

As established in the introduction, the properties of
Higgsino dark matter have been extensively investigated
within the MSSM framework, where it is well established

that thermal freeze-out reproduces the observed relic
abundance only when the DM mass is approximately
1.1 TeV. Most recently, Ref. [52] applied the LZ-2024
results to constrain this scenario, finding that |M,| >
1.3 TeV and |M,| 2 2.1 TeV are required, with opposite
signs for M, and M, being preferred.

In contrast, investigations of DM in the NMSSM have
predominantly focused on Bino- or Singlino-dominated
scenarios, while systematic analyses of Higgsino-domi-
nated DM remain relatively scarce. To our knowledge, only
a limited number of works have addressed this specific
direction. We summarize the relevant previous stud-
ies below:

(1) Reference [75] examined Higgsino DM within the

Z3-NMSSM, demonstrating that for 120 GeV <
M, <500 GeV and 165 GeV < M, <1000 GeV,
the DM with a mass ranging from from 65 GeV to
85 GeV could simultaneously satisfy relic abun-
dance requirements and the direct detection con-
straints available at that time, provided sizable
Higgsino-Singlino mixing was present. However,
this parameter region has since been excluded by the
latest LZ and LHC experimental results.

(i) Reference [36] investigated the Split NMSSM sce-
nario, where supersymmetry breaking occurs above
10'* GeV, leaving only one Higgsino pair and a
Singlino at an intermediate scale in the low-energy
spectrum. Using effective field theory estimates, the
authors demonstrated that when the Singlino mass
lies below approximately 10% GeV, Higgsino—
Singlino mixing induces a mass splitting between
neutral Higgsinos exceeding 200 MeV, effectively
rendering them a pseudo-Dirac fermion that can
evade direct detection limits. The paper’s primary
focus was on vacuum stability and Higgs physics. Its
emphasis is therefore different from ours, although
our analysis addresses some of its key considerations
from a different perspective.

(iii) Reference [12] studied Higgsino-dominated DM in
the semiconstrained Z;-NMSSM through parameter
space scans, but imposed only an upper bound on
the relic abundance rather than requiring exact
matching to observations. As evident from its Fig. 1,
most parameter points do not exhibit significant
Higgsino—Singlino mixing effects, making their
results less relevant to the scenario we investi-
gate here.

The present work makes several distinct contributions
that advance our understanding beyond these previous
studies. First, we systematically highlight the crucial role
of Higgsino-Singlino mixing in determining the properties
of Higgsino-dominated DM, demonstrating how this mix-
ing can significantly modify both the mass spectrum and
interaction strengths. Second, we extend and update the
findings of Ref. [75] within the more general GNMSSM
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framework, which provides additional flexibility compared
to the Zs-invariant model. By incorporating the latest LZ-
2024 data, we identify viable parameter regions that satisfy
all current experimental constraints—regions that differ
substantially from those reported in earlier studies. Most
importantly, we derive comprehensive analytic expressions
for the effects of Higgsino-Singlino mixing on both the
mass spectrum and DM-nucleon scattering cross sections.
To the best of our knowledge, such detailed analytic
formulations have not appeared in the literature previously.
These expressions serve to make our numerical results
more transparent, physically interpretable, and readily
reproducible, providing a valuable theoretical framework
for future investigations.

B. Future detection prospects

Our results reveal that the Higgsino-dominated DM mass
can be as low as 670 GeV, with mass splittings between 7!
and 77 and 79 varying from a few GeV to around 20 GeV,
corresponding to compressed spectra scenarios in SUSY
search at the LHC. While these scenarios present chal-
lenges for current experiments due to small mass splittings
and soft decay products, several future experimental
approaches offer promising detection prospects:

(i) Collider search

The High-Luminosity LHC (HL-LHC) operating
at /s = 14 TeV with an integrated luminosity of
3000 fb~! can probe compressed spectra scenarios
up to 600 GeV through the disappearing track
signature arising from the chargino’s characteristic
lifetime of 0.1 ns (¢t~ 3 cm) [64,145,146]. This
reach extends to an exclusion limit of 850 GeV or a
discovery reach of 600 GeV for a future 100 TeV
collider [147]. Furthermore, a future e*e~ collider
operating at /s = 3 TeV would provide the most
precise measurements in a clean environment,
allowing for the discovery of Higgsinos up to
1 TeV via the e"e™ — 7|77 channel, with a mass
reconstruction precision of Am/m ~ 0.1% [148,149].

It is worth emphasizing that the larger mass
splittings predicted in our scenario, compared to
the highly compressed spectra with typical splittings
of several GeV, render the SUSY signals more
accessible to detection, as demonstrated by experi-
ence in searching for electroweakinos at the
LHC [150].

(i) DM direct detection

Next-generation experiments such as DARWIN
aim to achieve unprecedented sensitivities of 3.0 x
107 cm? (2.0 x 10~*® cm?) for SI scattering and
4.0x 107" cm? (3.0 x 107 cm?) for SD scatter-
ing for DM mass around 40 GeV (1 TeV) [151],
primarily through increased ton-scale liquid xenon
targets and improved spectral discrimination

(iii)

(iv)

095022-16

between WIMP signals and backgrounds. Similar
sensitivities are expected at the final stage of the LZ
experiment [152]. As evident from the right panel of
Fig. 4, achievement of such sensitivities would
enable a complete exploration of the parameter
space considered in this study.

DM indirect detection

Indirect searches for Higgsino DM have been
extensively studied, with gamma-ray observatories
offering a primary discovery route. The upcoming
Cherenkov Telescope Array (CTA) is projected to
have sensitivity an order of magnitude beyond
current instruments like High Energy Stereoscopic
System (HESS) [54], specifically targeting the mono-
chromatic gamma-ray line from 7°79 — yy annihi-
lation. This provides CTA with potential coverage
of the 1 TeV Higgsino parameter space, particu-
larly in scenarios where the Sommerfeld effect,
enhanced by a small mass splitting of approximately
Am ~ 1 MeV, significantly boosts the annihilation
rate. In parallel, the next-generation neutrino tele-
scope IceCube-Gen2 will search for high-energy
neutrinos from Higgsinos captured and annihilating
within the Sun, with expected sensitivity to Higgsino
masses up to |p| < 1.5 TeV, assuming mass splitting
of Am < 500 MeV [153,154]. Additionally, existing
constraints from Fermi-LAT already show a modest
20 excess consistent with a 1 TeV thermal Higgsino,
though this result remains subject to large uncertain-
ties in the modeling of the Galactic Center [53].

It should be noted that these studies have assumed
the mass splittings among the Higgsino states less
than 500 MeV, substantially smaller than the pre-
diction of our scenario. This difference significantly
changes the Sommerfeld factor and annihilation cross
sections. A dedicated calculation of differential dis-
tributions for these annihilation channels and their
comparison with experimental capabilities would be
required to fully assess detection prospects in our
scenario—such calculations are highly nontrivial
[45,155] and have not yet been incorporated into
automated tools such as the latest version of
MicrOMEGAs for the GNMSSM framework
[156]. Such an implementation falls beyond the scope
of our current investigation.

Light scalar detection prospects

Our scenario favors a relatively light A,. While
direct detection of such a light Higgs at the HL-LHC
via ggF/VBF to yy or WW/ZZ faces challenges due
to its singlet nature and consequently small produc-
tion cross sections, precision measurements of the
SM Higgs couplings offer a powerful indirect probe.
The substantial mixing between Hgy and Re[S] in
our scenario makes this approach particularly prom-
ising. With projected uncertainties on coupling
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Dependence of SI (left panel) and SD (right panel) scattering cross sections on gaugino mass parameters. The graph illustrates

three scenarios: varying M, while keeping M| fixed at 2 TeV (yellow line), varying M, while maintaining M, at 2 TeV (blue line), and
simultaneously changing both parameters with M; = M, (green line). All other parameters remain consistent with benchmark point P1.
The red lines represent the LZ experimental limits for DM with mass \m?ll)| = 865.9 GeV. The discontinuities observed in each curve

correspond to points where the DM mass changes sign, a phenomenon detailed in the main text.

modifiers reaching 1.8% [145], HL-LHC data,
analyzed via tools like HiggsTools [144], can place
strong limits on the singlet sector, potentially ex-
ceeding direct search sensitivity [126].

C. Gaugino mass dependence

In the preceding analysis, we have fixed the gaugino
masses at 2 TeV for simplicity. This choice allows us to
focus specifically on the novel effects of Higgsino-Singlino
mixing. This section explores how variations in gaugino
masses affect DM properties, providing a more compre-
hensive understanding of the parameter space.

The variation of gaugino masses produces several
important physical effects that merit systematic investiga-
tion. Lighter M| and M, values increase the Bino and Wino
fractions within the neutralino mass eigenstates, which
typically strengthens the couplings between DM and both
the Higgs bosons and the Z boson. These enhanced
couplings generally result in larger DM-nucleon scattering
cross sections, affecting the viability of the model under
direct detection constraints. Additionally, as established in
MSSM studies [157], the scattering cross section expres-
sions exhibit qualitatively different behaviors for positive
versus negative DM masses. This feature becomes particu-
larly relevant when varying gaugino masses induces sign
changes in the DM mass, leading to discontinuous behavior
in the cross sections at specific transition points.
Understanding these transitions is crucial for mapping
the viable parameter space.

To quantify the gaugino mass effects systematically, we
investigated the behavior of scattering cross sections as M
and/or M, vary within the range of 1000-2000 GeV, while
maintaining all other parameters fixed at benchmark point
P1. Throughout this parameter scan, the magnitude of the
DM mass changes slightly, but its sign undergoes a discrete

flip from positive to negative. Correspondingly, the dom-
inant component transitions from nearly maximal
Higgsino-Singlino mixing to an approximately pure
Higgsino configuration, as revealed by our numerical
results.

Figure 5 illustrates the dependence of both SI (left panel)
and SD (right panel) scattering cross sections on gaugino
masses. Three distinct scenarios are examined to provide a
comprehensive picture: varying M, while keeping M fixed
at 2 TeV (yellow curves), varying M| while keeping M,
fixed at 2 TeV (blue curves), and varying both masses
simultaneously with the constraint M; = M, (green
curves). The results reveal the following noteworthy
features:

(1) As anticipated from theoretical expectations, both
scattering cross sections increase monotonically
with decreasing gaugino masses across all scenarios.
The current experimental bounds from LZ are
exceeded when M, falls below 1.93 TeV, M drops
below 1.79 TeV, or when both masses simultane-
ously decrease below 1.94 TeV for the three scenar-
ios, respectively.

These critical threshold values precisely correspond
to points where the DM mass changes sign. The
discontinuous jumps observed in each curve origi-
nate from these sign flips, confirming the theoretical
prediction of qualitatively different scattering behav-
iors for positive versus negative DM masses.

Comparing the SI and SD scattering, the former
imposes tighter constraints on the gaugino masses.

The thermal relic abundance provides another crucial
constraint on the gaugino mass parameter space. Figure 6
displays how the relic abundance varies with gaugino
masses under the same three scenarios examined above.
The results reveal distinct sensitivities to different gaugino

(i)

(iii)

@iv)
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FIG. 6. Same as Fig. 5, but for the dependence of relic
abundance on the gaugino mass.

masses. Decreasing M, leads to a significant reduction in
the thermal relic density QA2 pushing it well below the
observed cosmological value of 0.120 +0.001. This
behavior indicates that Wino-like components increasingly
dominate the annihilation processes as M, decreases,
enhancing the annihilation cross section and thereby
reducing the relic abundance. In contrast, variations in
M produce only modest changes in the relic density,
suggesting that Bino contributions remain subdominant in
the parameter space under consideration. This asymmetric
response to M; and M, variations provides valuable
guidance for parameter space exploration.

With further reduction of gaugino masses beyond the
ranges explored here, the DM would transition from being
Higgsino-dominated to becoming Bino or Wino domi-
nated. Such a fundamental shift in composition would
dramatically alter the phenomenology, which is not the
focus of this study.

It should be noted that light Wino-dominated DM faces
stringent constraints from indirect detection experiments
and LHC experiments. Gamma-ray observations by Fermi-
LAT and H.E.S.S. of dwarf spheroidal galaxies and the
Galactic Center severely limit such scenarios [158-161].
These constraints become particularly severe when the
Wino component achieves the correct relic abundance
through nonthermal production mechanisms, such as decay
of heavier superpartners or moduli. Additionally, LHC
searches for electroweakinos have excluded substantial
portions of the light Wino parameter space through
exploring the signals of disappearing tracks and soft leptons
[150,162].

In summary, our systematic analysis demonstrates that
the chosen gaugino masses around 2 TeV represent a
phenomenologically viable region that enables exploration
of the novel Higgsino-Singlino mixing effects while
maintaining consistency with current experimental

observations. The systematic variation of gaugino masses
reveals clear boundaries beyond which experimental
constraints are violated, providing essential guidance for
future phenomenological studies in extended supersym-
metric models. This analysis confirms that the interesting
Higgsino-Singlino mixing physics studied in this work
operates within a well-defined and experimentally viable
parameter region.

V. CONCLUSION

Higgsino DM represents a compelling candidate within
supersymmetric frameworks, offering a unique conver-
gence of theoretical insight and experimental motivations.
While the MSSM traditionally positioned Higgsino DM at
around 1 TeV to achieve the correct relic density, we
showed that there still exist viable parameter regions in the
GNMSSM with Higgsino DM at significantly lower
masses via mixing with Singlino, even confronting with
current severe LZ constraints.

We performed a comprehensive analysis of the
GNMSSM, focusing on the Higgsino-dominated neutralino
as a DM candidate. Our study systematically explored the
parameter space by incorporating a range of experimental
constraints, including the latest 125 GeV Higgs data and
the LZ results in 2024. Our analysis revealed the following
key findings:

(i) Lower than 1 TeV Higgsino DM

In the GNMSSM, Higgsino-dominated neutrali-
nos can achieve the correct DM relic density
at significantly lower masses at approximately
670 GeV, which is substantially below the 1 TeV
threshold typical in the MSSM. This feature
is facilitated by the Higgsino-Singlino mixing,
which can produce correct relic density without
invoking extensive Higgsino-gaugino mixing
that would otherwise compromise direct detection
compatibility.

(i) Lower DM-nucleon scattering rate

Despite the increasingly stringent constraints
from experiments like LZ, the GNMSSM maintains
a considerable viable parameter space. This robust-
ness stems from the Higgsino-Singlino mixing,
which can effectively suppress the SI scattering
Cross sections.

(ii1)) Moderate cancellations

In order to satisfy the relic density and direct
detection constraints, parameter A has to keep at a
low value of O(0.1). This set a lower SI scattering
cross section globally first, then other parameters
like x and V*Z can be tuned to satisfy the direct
detection constraints. This reflects cancellations
among different terms in the SI amplitude.

(iv) Promising future detection prospects

The mass of Higgsino-like DM in our scenario
may be as low as 670 GeV, with mass splittings of
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more than several GeV from other heavier states.
This scenario could be detected in the future
through multiple channels: disappearing tracks at
the HL-LHC, DM direct detection experiments, or
gamma-ray line signatures in CTA observations.
Additionally, the singlet scalar could be detected at
the HL-LHC through precision Higgs data mea-
surements.

In summary, our analysis indicates that the GNMSSM
presents a viable alternative to the MSSM, offering
refined strategies to tackle persistent challenges in super-
symmetric DM models. By incorporating additional
degrees of freedom from the singlet sector, we demon-
strate how theoretical constraints can be effectively
addressed while ensuring phenomenological consistency.
Our results underscore the potential of the GNMSSM to
provide a compelling framework for Higgsino DM,
offering a promising avenue for future experimental
searches.
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