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In the Higgsino dark matter (DM) scenario of the Minimal Supersymmetric Model (MSSM), the

mixing of Gaugino and Higgsino in�uences 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 con�icts 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 signi�cant 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 660 GeV to achieve the correct relic abundance. Through analytical formulas and numerical

results, we elucidated these characteristics. 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.

Corresponding author: Junjie Cao, junjiec@alumni.itp.ac.cn

1. Introduction

The existence of dark matter (DM) has been �rmly established by various astronomical and cosmological

observations[1], yet its particle nature remains one of the most profound mysteries in modern physics.
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Among various theoretical candidates, the Higgsino, which naturally emerges from supersymmetric

theories, stands out as a particularly compelling DM candidate[2][3][4][5][6][7][8][9][10][11][12][13]. In the

Minimal Supersymmetric Standard Model (MSSM)[14][15][16][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:

From a theoretical perspective, the Higgsino possesses remarkable simplicity and naturalness. As an

SU(2) doublet, it represents one of the most minimal extensions to the Standard Model (SM) that can

accommodate viable DM candidates. This theoretical elegance is further enhanced by its crucial role in

gauge coupling uni�cation, where the Higgsino provides necessary contributions to achieve precise

uni�cation at high energies. 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 experimental interpretation.

From a theoretical perspective, the Higgsino possesses remarkable simplicity and naturalness[18][19]

[20][21][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]. This theoretical elegance is further

enhanced by its crucial role in gauge coupling uni�cation, where the Higgsino provides necessary

contributions to achieve precise uni�cation at high energies[25][26][27]  and is readily embedded into

theories like split SUSY[28][29][30][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 experimental 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[33][34][28][11][35][36]. This mass scale, determined

by the interplay between electroweak interactions and freeze-out dynamics, carries profound physical

signi�cance. Speci�cally, 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, making it challenging to detect their signals

when the DM mass is larger than approximately  [38]. This alignment between theoretical1TeV
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prediction and experimental observation may be viewed as a compelling hint for the Higgsino DM

scenario.

The phenomenology of Higgsino DM exhibits rich features in terms of experimental detection[39][40][41]

[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 Gaugino component mixing increases, the

scattering cross-section becomes large[43][44][45][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[44][51][32][52]. Furthermore,

when the Gauginos are heavier than  , 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 allowed 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 

 naturally evade current experimental bounds.

In addition, unlike Wino DM which acts as another popular candidate, Higgsino DM can avoid indirect

detection constraints by lacking signi�cant Sommerfeld enhancement in its annihilation cross-section

due to the larger mass splitting between the charged and neutral components of the Higgsino �eld[53][54]

[55]. This makes it challenging for current gamma-ray[56][57] or neutrino telescopes[58] to detect Higgsino

annihilation signals, adding to the dif�culty in probing this candidate with indirect detection

experiments[53].

Higgsino DM exhibits unique collider signatures due to the small mass splittings among its charged

and neutral components. The charged Higgsino (chargino) can manifest as either missing transverse

energy (MET) or disappearing tracks in high-energy collisions[59]. These signals are a robust

prediction of electroweak-scale Higgsino DM and present both challenges and opportunities for future

experiments[60][61][62][11]. Advanced detection techniques, such as optimized triggers for soft visible

decay products and improved track reconstruction algorithms, are currently being developed, making

this an active area of theoretical and experimental research[63][32]
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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  -parameter problem. Although this issue can be addressed through the well-known

Giudice-Masiero mechanism[64], implementing this solution introduces signi�cant �ne-tuning in

electroweak symmetry breaking when considering the LHC’s supersymmetry search results and the DM

experimental detection results[65][66][67][68].

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[69][70][71]. This model incorporates an additional gauge singlet Higgs super�eld,  , that can

dynamically generate an effective    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][72][73].

In the NMSSM, the fermionic component of  , known as the Singlino, can substantially mix with the

Higgsino �eld, thereby altering key properties of Higgsino DM, such as its mass splitting from other

Higgsino-like particles and its interactions with nuclei[74][36]. 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

comprehensively examine them. Notably, in the  -invariant NMSSM, achieving substantial Higgsino-

Singlino mixing necessitates near-degeneracy of the �elds’ masses, constraining the Yukawa couplings 

 and   to satisfy  [70]. 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)[75]

[76][77] to provide a more complete characterization of these properties. We will show that the properties

of the Higgsino DM in the NMSSM are more �exible than those in the MSSM, while remaining consistent

with various experimental constraints.

The remainder of this paper is structured as follows. Section 2 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  3 elucidates the research methodology and

μ

Ŝ

μ

Ŝ

Z3

λ κ λ ≃ 2κ
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numerical outcomes that highlight the novel aspects of the Higgsino DM. Finally, Section  5 offers a

comprehensive summary of the key research �ndings.

2. Theoretical preliminaries

2.1. Basics of the GNMSSM

The GNMSSM extends the MSSM by introducing a gauge singlet super�eld  , which does not carry any

baryonic or leptonic number. Consequently, its Higgs sector comprises   alongside two   doublet

super�elds,    and  . The general form of the GNMSSM superpotential is

given by[70]:

where    contains the quark and lepton Yukawa interactions from the MSSM superpotential but

excludes the  -term, and the dimensionless couplings    and    parameterize the Higgs-sector

interactions, similar to the  -NMSSM. The parameters  ,  , and    describe  -symmetry-violating

effects, which help address the tadpole problem[78][70] and the cosmological domain-wall problem in the 

-NMSSM[79][80][81]. Since one of these parameters can be eliminated by shifting   with a constant and

rede�ning the other parameters[82], we set    without loss of generality. Previous studies indicate

that   and   can naturally lie in the range of a few hundred GeV from the breaking of the fundamental

discrete  -symmetry    or    at high energies[79][83][84][82][85]. These parameters can substantially

modify the properties of neutral Higgs bosons and neutralinos, leading to a richer phenomenology than

those in the  -NMSSM and MSSM, which forms the main focus of this study.

In contrast to the MSSM, the GNMSSM contains both the traditional  -term   and a dynamically

generated  -term  . When the scalar component of    develops a vev  , the

effective    parameter is given by  . This dynamical generation provides additional

�exibility in addressing the naturalness problems associated with the  -term in the MSSM. In particular,

if  ,   is predominantly generated dynamically.

2.2. The Higgs Sector

In the GNMSSM, the soft SUSY-breaking terms in the Higgs sector include trilinear interactions involving

the singlet and doublet �elds, as well as conventional mass terms. These terms are expressed as:

Ŝ

Ŝ SU(2)L

= ( , )Ĥu Ĥ
+

u Ĥ
0

u = ( , )Ĥd Ĥ
0

d Ĥ
−

d

= + λ ⋅ + + μ ⋅ + + ξ ,WGNMSSM WYukawa Ŝ Ĥu Ĥd
κ

3
Ŝ

3
Ĥu Ĥd

1

2
μ′ Ŝ

2
Ŝ (2.1)
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R ZR
4 ZR
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λ / ≫ μvs 2–√ μtot
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After electroweak symmetry breaking, the CP-even and CP-odd Higgs �elds 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[77]:

: This parameter represents the mass scale of the heavy MSSM-like CP-odd Higgs boson. It is

de�ned as 

: This parameter characterizes the mass scale of the CP-even singlet Higgs. It is related to the

original parameters by

: This parameter characterizes the mass scale of the CP-even singlet Higgs. It is related to the

original parameters by

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

 and  : These denote the Singlino and the Higgsino masses, respectively, and are given by

In the basis de�ned by ( ,  , 

), elements of the CP-even mass matrix read as[77]

Similarly, in the basis ( ,  ), the CP-odd mass matrix elements

are[77]

Here,   is the ratio of the Higgs doublet vevs, i.e.,  , with  .

Diagonalizing these matrices yields the mass eigenstates   and  , which are

related to the interaction states via

− =Lsoft [λ S ⋅ + κ + ⋅ + + S + h.c.]Aλ Hu Hd
1

3
AκS

3 m2
3Hu Hd

1

2
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(2.2)
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A
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3 (2.3)
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B
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In this notation,   corresponds to the scalar discovered at the LHC,   and   represent heavy doublet-

dominated Higgs bosons and   and   are singlet-dominated states. For convenience, these states are

also labeled as    (i=1,2,3) and    (j=1,2) in ascending mass orders, i.e.,    and 

  in this study. The model also predicts a pair of charged Higgs bosons, 

, with masses given by[70]

Several important features characterize the GNMSSM Higgs sector:

Higgs mass spectrum

The LHC data reveal that one eigenstate must exhibit SM-like couplings and have a mass of

approximately 125 GeV[86][87]. Additionally, the doublet-like states should be heavier than

approximately  , while singlet-dominated states are less tightly restricted[88].

Doublet-Singlet mixing

The mixing of the singlet states with doublet �elds is proportional to  . In the decoupling limit  ,

the singlet �elds effectively separate from the Higgs doublets, and the masses  ,  , and   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   and the CP-odd scalar  . Simpli�ed expressions for the singlet-dominated states and

their mixing parameters can be used in this limit[89]:

These formulae indicate that   and they are all proportional to  .

Parameter determination

Using the physical masses  ,  ,  ,  , and   as inputs, the original Lagrangian parameters

hi
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can be determined[77]:

Parameter dependence

In the Higgs sector, eight out of eleven parameters, namely  ,  ,  ,  ,  ,  ,  , and  ,

uniquely determine the Higgs mass matrices. The remaining three parameters,  ,  , and  , play a

distinct role in governing the triple Higgs coupling strengths[77]. In the vanishing tadpole scenario

delineated by  ,   takes the form[77]:

Moreover, investigations of the light    scenario usually employ a parameterization of    as 

, where    is de�ned by  [90]. This

parameter    serves as a measure of the cancellation between different terms in  . A key

advantage of this parameterization emerges when    takes small values: it naturally accommodates

larger values of   while maintaining consistency with the LHC measurements of the   Higgs

properties.

2.3. Neutralino Sector

The mixing between the fermionic partners for the neutral Higgs bosons and the gauginos gives rise to

�ve neutralinos and two charginos, denoted by    ( ) and    ( ), respectively. In the

gauge eigenstate basis  , we can express the symmetric neutralino mass

matrix as[70]

μ

m2
3

ξ ′

m′2
S

= − , = − κμtot
λ

2–√
vs μ′ mN 2–√ vs

= − λ ( + + )
sin 2βm2
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2
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2–√
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v2 κvs

2–√
Aκ 2–√ vs μ′ μ
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B
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1

2
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C
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κ

2–√
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B
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v2
s
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s

+ − 3κ .2–√ κ2vs mN

(2.14)

hs M
2
S,23

= λδvM
2
S,23 2–√ μtot δ δ ≡ [2 − ( + ) sin 2β]/(2 )μtot Aλ mN μtot

δ M
2
S,23

δ
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χ~0
i i = 1, . . . , 5 χ~±

i i = 1, 2

= (−i , −i , , , )ψ0 B
~

W
~

H
~0

d H
~0

u S
~
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⎛
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⎜⎜⎜
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0
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−μtot

0

0

0
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2√
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2√

mN

⎞

⎠
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⎟⎟⎟
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where    and    represent gaugino soft-breaking masses, and we de�ne  , and 

. The physical mass eigenstates    are obtained through diagonalization using a rotation

matrix  :

where the index    runs from 1 to 5, with states ordered by increasing mass. The coef�cients    and 

 represent the   and   components in  , respectively. We call   the Higgsino-dominated DM if 

.

When the gauginos become very massive, they effectively decouple from the Higgsino-Singlino system.

This decoupling reduces the original    neutralino mass matrix to a simpler    matrix that

captures the essential Higgsino DM properties. Working in the basis ( , 

,  ), this reduced matrix takes the form:

The corresponding mass eigenstates in this reduced basis can be expressed as:

where the elements of the new rotation matrix    are given by  , 

, and  .

Our subsequent analysis focuses on scenarios featuring substantial mixing between   and   states. We

parameterize    using a positive number  , such that  , and we work under the

assumptions   and  . Following the methodology outlined in Ref. [91], we derive

approximate expressions for neutralino masses and mixing parameters:

which implies

if   is signi�cantly larger than  , and

M1 M2 ≡ sinsW θW

≡ coscw θW χ~0
i

N

= + + + + ,χ~0
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0
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0
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0
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0
4 Ni5ψ

0
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−
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2
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2
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The Singlino component in   can be expressed as

For the parameter space relevant to our study, which is characterized by   and  ,

the rotation matrix   can be approximated by a simpler form:

where the Higgsino-Singlino mixing angle is given by

This simpli�ed representation of    signi�cantly facilitates the analysis presented in subsequent

sections.

2.4. 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 non-relativistic limit. In the absence of co-annihilation, this

cross-section is given by[2]:

where    represents the velocity-independent  -wave contribution, and    incorporates both  - and  -

wave components. The dimensionless parameter   characterizes the ratio of DM mass to the

thermal bath temperature   in the early Universe. Furthermore, by solving the Boltzmann equation from

the freeze-out temperature to the present day, one obtains the current relic density[89]:

= − , = .
N ′
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N ′
i3

λv(sinβ + cosβ)

2( + )μtot m
χ
~0
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N ′
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N ′
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(2.21)
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λ ∼ O(0.1) > 600 GeVμtot
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0

− sin θ

0

1

0

sin θ

0

cos θ

⎞

⎠
⎟ (2.23)

tan θ =
d −μtot (d + (1 + sin 2β)μtot)2 λ2v2− −−−−−−−−−−−−−−−−−−−−

√

λv(sinβ + cosβ)

≃ − (sinβ + cosβ), if d ≫ λv.
λv

2dμtot
μtot

(2.24)

N ′
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x
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where    denotes the effective number of relativistic degrees of freedom at freeze-out, and 

  is determined by the freeze-out condition[89]. In scenarios with co-annihilation, the

relic density is computed in a similar way, as shown by Eq. 15 in Ref.[92].

For the Higgsino DM in this study, the observed relic density is primarily achieved through two types of

processes: direct annihilation    (where    and    are SM particles) and co-annihilation

processes involving channels such as  ,  ,  . The effective annihilation cross-

section is given by[92][93]:

where  ,   denotes the degrees of freedom for  , and

For the parameter space delineated by   and  , the GNMSSM predictions on the

cross-sections    can be approximated by scaling the corresponding MSSM ones with

factors  , which are  ,  ,  ,  , and 

. This relationship is veri�ed by calculating the  -wave contributions to the cross-

sections for    and  , which proceed via  -channel exchanges of    and 

, respectively:

These results differ from the MSSM predictions[2][94]  by a factor  . It arises from two sources: a 

  scaling of the    and    couplings, and the strong suppression of    and 

 couplings in the GNMSSM.

Overall, these �ndings demonstrate that both the mass splitting among Higgsino-like particles and the

Higgsino-Singlino mixing are crucial in determining the �nal relic density.

2.5. DM Direct Detection

In scenarios where squarks are extremely massive, the SI scattering of DM off nucleons predominantly

arises from the  -channel exchange of  -even Higgs bosons. The cross-section is given by[2][95][96]

∼ 80g∗

≡ m/ ∼ 25xF TF
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Here,    denotes a proton ( ) or neutron ( ), and    represents the

reduced mass of the DM-nucleon system. The coupling    characterizes the strength of Higgs-

nucleon interaction and is written as

In this expression,    and    are de�ned by    and  ,

where the nucleon form factors    for    represent the normalized

contribution of light quarks to the nucleon mass. The term    accounts for the

heavy quarks contributions (see, e.g, Ref. [96][95]). Under the default settings of the micrOMEGAs package

for  [97][98][99], one obtains  ,  , implying that    is approximately

equal to   without strong cancellations between different contributions. This approximate degeneracy,

however, is usually broken for small   and   as suggested by recent LZ results[50].

Regarding the Higgs coupling to the DM pair,  , it is approximated by[70]

where the Higgsino-Singlino mixing angle is de�ned in Eq. (2.24).

In the limit where the charged Higgs bosons are very massive, one �nds  , and  .

Furthermore, as discussed in Ref.  [77], the  -mediated contribution can be safely neglected due to its

suppression by a factor  . Consequently, assuming  , the SI cross-section can be simpli�ed

to[100][101]

with

= | , = = .σSI
N

4μ2
r

π
fN|

2
fN ∑

i

3

fN
hi

∑
i

3 C
χ
~0

1χ
~0

1hi
CNNhi

2m2
hi

(2.30)

N = p,n p n ≡ /( + )μr mNmχ
~0

1
mN m

χ
~0

1

CNNhi

= − [ ( − tanβ )+ ( + )] .CNNhi

mN

v
F N
d

V SM
hi

V NSM
hi

F N
u V SM

hi

1

tanβ
V NSM
hi

(2.31)

F N
d

F N
u ≡ + +F N

d
f

(N)
d

f
(N)
s

2
27
f

(N)
G

≡ +F N
u f

(N)
u

4
27
f

(N)
G

≡ ⟨N| q |N⟩f
(N)
q m−1

N mq q̄̄ q = u,d, s

≡ 1 −f
(N)
G

∑q=u,d,s f
(N)
q

f
(N)
q ≃ ≃ 0.15F

p
u F n

u ≃ ≃ 0.13F
p

d
F n
d

σSI
p

σSI
n

σSI
p σSI

n

C
χ
~0

1χ
~0

1hi

C
χ
~0

1χ
~0

1hi
≃ λ sin θ cos θ [ (cosβ − sinβ) + (cosβ + sinβ)]V NSM

a V SM
a

− κ θ + θ,2–√ V S
a sin2 λ

2–√
V S
a cos2

(2.32)

∼ 0V NSM
h

∼ 0V NSM
hs

H

1/m4
H =F N

u F N
d

≃ 5 × ,σSI
N 10−45cm2( )

A

0.1

2

(2.33)

qeios.com doi.org/10.32388/JDOPWI 12

https://www.qeios.com/
https://doi.org/10.32388/JDOPWI


Given that  ,  ,  , and that    are proportional to  , we

have the following observations:

The leading contributions in the �rst, second, and third terms of    scale as  ,  , and  ,

respectively.

Cancellations occur among the contributions from different Higgs bosons, with    potentially

exerting a signi�cant in�uence when it is light.

A suf�ciently large   with an appropriate sign can counterbalance the other contributions.

The sign of  , as given in Eq. (2.12), can induce cancellation between the �rst and second terms of  .

On the other hand, the SD scattering cross section is primarily due to  -channel   boson exchange. It can

be expressed as [102]

where    and    re�ect differences in nuclear structure. The

normalized coupling of DM to Z boson,  , is given by  . Notably, this coupling

vanishes under the mixing angle approximation in Eq. (2.23), re�ecting 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

Using the approximation of    in Eq.  (2.20), one can infer that    is suppressed by a factor of 

. It vanishes when  , which was called the blind-spot for the SD scattering in

literatures.
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3. 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[103]

[104][105][106]. The particle spectrum and low-energy �avor observables are then computed using SPheno-

4.0.5[107][108][109] and FlavorKit[110], respectively. For DM physics observables, we employ MicrOMEGAs-

5.0.4[111][112][113][114][115][116][117][118]. The parameter space exploration is conducted using a parallelized

version of the MultiNest algorithm[119]  within a modi�ed version of EasyScan[120]. This approach

ef�ciently identi�es 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 pro�le likelihood (PL) methods within the Frequentist statistical framework[121].

In our analysis, we also integrate the latest    Higgs data and �ndings from the LZ dark matter

direct detection experiment to investigate their impact on the model’s characteristics.

125GeV
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Parameter Prior Range Parameter Prior Range

Flat -0.7–0.7 Flat 5–30

Flat 0–0.5 Flat 0.1–0.7

Flat -0.2–0.2 Flat 0.05–0.3

Flat 2.5–5 Flat 0.6–1.1

Table 1. Parameter space explored in this study, where   is de�ned as   for simplicity. All input

parameters are assigned �at distributions in their priors due to their well-de�ned physical interpretations. To

concentrate on the effects of Higgsino-Singlino mixing on the DM properties and also to evade strong

constraints from the LZ experiment, we set the gaugino masses   and   at   to ensure that the

Higgsino-Gaugino mixing remains small. Additionally, since the soft trilinear coef�cients for the third-

generation squarks,   and  , can signi�cantly in�uence the SM-like Higgs boson mass through radiative

corrections, we establish   and allow them to vary. All other dimensional SUSY parameters not central

to the analysis are kept �xed:  ,  ,  , and a universal value of   for the

remaining parameters, consistent with constraints from the LHC new physics searches. All parameters are

de�ned at the renormalization scale  . The �nal parameter space is derived through multiple

scans over signi�cantly wider ranges.

3.1. 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 �ne-tuning in the Higgsino DM region, we partition the 

  plane into a    grid to capture the underlying subtle physics more accurately. Each grid

subsection undergoes a parallelized MultiNest scan with 6000 live points, con�gured by setting the

parameter of the algorithm,  , at 6000.

During these scans, we construct a joint likelihood function that incorporates DM relic density, DM direct

detection limits, and a range of other experimental constraints, including LHC Higgs data. For the relic

density likelihood  , we adopt a Gaussian distribution centered on the Planck collaboration’s

measurement[1], with a    theoretical uncertainty to account for systematic calculation errors. For

direct detection constraints from the LZ results in 2022[49], we de�ne   using a Gaussian distribution

centered at zero with variance  , where   represents the   con�dence-

κ tanβ

λ d′

δ /TeVmB

/TeVAt /TeVμtot

d′ d ≡ d/0.1

M1 M2 2 TeV

At Ab

=At Ab

= 0ξ′ = 400 GeVmC = 600 GeVvs 3 TeV

= 1 TeVQinput

λ − μtot 10 × 10

nlive

LΩh2

10%

LLZ
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level upper limit on the SI scattering cross-section, and the   term accounts for nuclear response and

other theoretical uncertainties[122]. Furthermore, since the SI cross-section for DM-proton scattering, 

, may signi�cantly deviate from that for DM-neutron scattering,  , when the scattering rates are

tiny, we de�ne the effective SI cross-section as  [123], which

averages the abundance of different xenon isotopes in nature[124], and compare it with the published

results of the LZ experiment.

The complete likelihood function is formulated as

Constraints included in   encompass:

DM component:  should be Higgsino-dominated, i.e.,  .

Higgs data �t: The properties of the Higgs boson   observed at the LHC must align with ATLAS and

CMS measurements at    con�dence level. Assuming a    combined theoretical and

experimental uncertainty for  , we computed the p-value of the �t using HiggsSignals-2.6.2[125]

[126][127][128] and required it larger than 0.05.

Extra Higgs searches: Comprehensive searches for additional Higgs bosons at LEP, Tevatron, and LHC

are implemented using HiggsBounds-5.10.2[129][130][131][132][133].

Indirect DM searches: The Fermi-LAT collaboration 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 Ref.[134]{m/137/} 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[135][136].

-physics observables: Branching ratios for    and    must conform to

experimental measurements within  [137].

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.
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Figure 1. Two-dimensional pro�le likelihoods of the function   in Eq. (3.1), projected onto the  , 

,  , and   planes, respectively. Here,   represents the fraction of

Singlino component in the Higgsino-dominated DM, and   denotes the mass splittings

between   and  . Since the best point (marked with pin symbol) yields  , the boundaries for   and 

 con�dence intervals correspond to   and  , respectively, indicated by white and red solid

lines. This �gure illustrates how the DM relic abundance constrains the parameter space of the GNMSSM.

3.2. Numerical Results

Through our scanning procedure, we obtained a total of 2,146,266 parameter points. Based on these

points, we plotted the PL distributions across various two-dimensional planes1, enabling us to analyze

the characteristics of Higgsino DM and its underlying physical mechanisms.

We �rst examine how the DM relic abundance depends on the model parameters. Analysis of the scanned

parameter points reveals that in most cases, DM achieves the experimentally measured relic abundance
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primarily through co-annihilation processes  , where    and    denote SM particles,

along with the annihilation process  . According to the relevant equations in

section  2.4 for very massive gaugino cases, the relic density primarily depends on the mixing angle 

  with    and mass splitting  , which are ultimately determined by

parameters  ,  , and  . Fig.  1 shows the PL distribution of the parameter points projected

onto the  ,  ,  , and    planes, where white and red solid lines

represent the boundaries of   and   con�dence intervals, respectively. Given that the best-�t point has 

, these contour lines correspond to   and  , respectively. From Fig. 1, we can draw

the following conclusions:

In the Higgsino DM scenario of the GNMSSM, due to mixing between Higgsino and Singlino, DM with

mass as low as   can yield a relic density consistent with the experimental measurements. In

contrast, the Higgsino DM in the MSSM requires a mass of approximately    to obtain an

appropriate relic density, with a typical   value of less than   after considering the constraints

from latest LZ results (see point P2 in Table 2). This indicates that GNMSSM has a signi�cantly larger

parameter space for producing viable Higgsino DM than the MSSM.

When DM mass is around  , relatively large values of   and   (speci�cally  , 

) are required to match experimental results. This is because under these conditions,

the effective annihilation cross-section of DM can be signi�cantly lower than that predicted by the

MSSM for the same mass, thereby increasing the relic density.

As   gradually increases, the   upper limits of  ,  , and   all rise signi�cantly, from  ,  ,

and   to  ,  , and  , respectively. This occurs because as   increases, DM can achieve

the experimentally measured relic abundance through the co-annihilation of Higgsino-dominated

particles alone, making the mixing between Higgsino and Singlino no longer a necessary condition

for predicting the correct relic density. Consequently, the relic density’s dependence on   weakens,

allowing it to vary over a wider range (for instance,    when the DM mass is 

). According to Eq. (2.24), both   and   can take larger values in this case. In comparison, as 

  increases from  , the    upper limit of    shows only a slight increase, stabilizing

around  . This behavior arises because    appears only in the exponential term of    in

Eq.  (2.27). If we perform a Taylor expansion of Eq.  (2.27), the leading-order contribution of the co-

annihilations to  , usually acting as the dominant component of the total cross-section, is
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approximately independent of DM mass. This fact suggests that the relic density and its related 

 are also largely independent of DM mass.

Figure 2. Same as Fig. 1, but for the pro�le likelihood projected onto the  ,  ,  ,

and   planes, respectively.

The yellow regions in Fig. 1 correspond to relatively small   values, indicating that these areas can

well explain experimental results. The PL map on the   plane shows that   in this region is

concentrated within a narrow range. This is because    not only affects DM relic density through 

  and  , but also in�uences Higgs physics (see the Higgs mass matrix in Eq.  (2.7)) and DM-

nucleon scattering in more complex ways. As a result,   is a critical parameter strongly constrained by

various experiments, with current LZ experimental results favoring tiny    values. Fig. 1 also shows

that   and   can span a wider ranger, re�ecting the fact that, for larger DM masses, neither   nor 

 is crucial to DM physics. Moreover,   is similarly con�ned to a narrow range in the �gure. This
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is because   affects the relic density exponentially, and large variations in   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 that the SI scattering cross-section between DM and nucleons depends on parameters  ,  ,  , 

, and  . Fig.  2 depicts the PL distributions for the  ,  ,  , and 

 planes, where parameter   in�uences   through Eq. (2.12). The results show that  ,  ,  ,

and   can vary across relatively large regions, primarily due to two reasons:

Eq.  (2.34) indicates that the leading-order contribution to the SI scattering cross section is

proportional to  . When   is suf�ciently 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  ,  , and  , 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   is

light, the in�uence of the singlet-dominated Higgs particle on the scattering cross-section increases,

which can further enhances this cancellation effect. Combining the results from Fig. 1 and Fig. 2, one

sees that negative values of  ,  ,  , and    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.
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Figure 3. Pro�le likelihood maps of  , projected onto the   planes (upper panels) and the 

 planes (bottom panels). The left panels show results after re�tting the original scan samples to

the updated Higgs data, while the right panels include additional constraints from the latest LZ experimental

results. This comparison illustrates the progressive impact of each experimental constraint set on the viable

parameter space.

4. Improved Constraints

The continued operation of the LHC has produced a substantial amount of    Higgs boson data,

enabling increasingly precise measurements of its properties[86][87]. In parallel, the LZ experiment

recently released new DM search results, improving its DM-nucleon scattering sensitivity by nearly one

order of magnitude when compared to the results in 2022[50]. These advances provide an opportunity to

impose more stringent constraints on the GNMSSM.
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To capitalize on these updated measurements, we re�ned the Higgs data �tting in Sec.  3 using

HiggsTools-1.2, the latest version of HiggsTools[138], and reanalyzed the previously scanned

parameter points. This updated version of the HiggsSignals and HiggsBounds represents a signi�cant

advancement over HiggsSignals-2.6.2 by introducing 22 additional physical observables, thereby

raising the total number of observables for �tting Higgs properties to 129[138]. In our re�tting process, we

assumed an uncertainty of    for    and required the samples to satisfy  ,

where    is the value obtained from the    Higgs data �t with HiggsTools-1.2, and 

 corresponds to a pure SM Higgs boson in the GNMSSM[76]. Additionally, we incorporated

the latest LZ results to further constrain the DM property, which is the focus of this work.

Figure 4. Pro�le likelihoods of   and   as functions the DM mass. All displayed points satisfy the

complete set of updated experimental constraints, re�ecting current status of DM interactions with nucleon

in the GNMSSM.
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Point P1 Point P2

Parameter Value Parameter Value

Particle Mass spectrum Particle Mass spectrum

Rotation matrix Element value Rotation matrix Element value

-3, 5, -71, 71, 0 0, -1, -71, -71, -1

1, -1, -50, -50, -71 0, 0, 1, -4, 99

-47, -88, -1, 3, 0 0, 99, 0, -1, 0

88, -47, -2, 5, 0 -99, 0, 0, -1, 0

Primary annihilation Fraction [%] Primary annihilation Fraction [%]

tanβ 21.96 tanβ 29.86

λ,κ 0.037, −0.13 λ,κ 0.009, −0.029

, δd′ 0.21, −0.10 , δd′ 1.80, 0.17

,vs μtot 600.0, 853.2 ,vs μtot 600.0, 1115.2

, ,mA mB mC 3000, 194.3, 400 , ,mA mB mC 3000, 135.4, 400

,M1 M2 2000, 2000 ,M1 M2 6000, 6000

, ,χ~0
1 χ~0

2 χ~0
3 −865.9, 866.1, −875.5 , ,χ~0

1 χ~0
2 χ~0

3 1136.9, −1137.3, −1316.1

,χ~0
4 χ~0

5 2007.4, 2023.3 ,χ~0
4 χ~0

5 5940.1, 6064.5

,χ~±
1 χ~±

2 868.2, 2023.2 ,χ~±
1 χ~±

2 1137.5, 5940.2

,h,Hhs 148.6, 124.6, 3242.2 ,h,Hhs 116.2, 124.5, 4242.8

, , ,V S
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V SM
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V S
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Point P1 Point P2

Parameter Value Parameter Value

DM observable Value DM observable Value

Table 2. Detailed information for two benchmark points compatible with all experimental measurements.

Point P1 represents the best-�t point from Fig. 3, while P2 corresponds to the MSSM limit of the GNMSSM,

characterized by a particularly small   value. All mass-dimensional parameters are expressed in GeV, and

elements of the rotation matrices   and   are presented in units of  .

Following these re�nements, our sample size decreased signi�cantly—from the original dataset of

2,146,266 samples to 276,077 samples when applying only the updated Higgs data constraints, and

further to 30,299 samples when incorporating both updated constraints. This substantial reduction

demonstrates the remarkable power of recent experimental advancements in constraining the viable

parameter space. However, despite these stringent constraints, most of the two-dimensional PL maps in

Fig.  1 and Fig.  2 remained largely unchanged, with notable exceptions occurring only in the 

  and    planes. This selective sensitivity highlights a key insight into the model:

among all parameters,   and   alone play particularly crucial roles in Higgs and DM phenomenology.

To illustrate clearly the impacts of these new experimental results, we present in Fig. 3 the PL maps of  ,

projected onto the    and    planes. The left panels display results obtained after

re�tting the original scan samples to the updated Higgs data, while the right panels include the

additional constraints from the latest LZ experimental results. The upper panels demonstrate that the 

  upper bound on    decreases from approximately    in Fig.  1 to    (left panel) and further to 
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 (right panel). Interestingly, the most favored region for  , highlighted by the yellow band, remains

stable around 0.04, consistent with our previous �ndings. Turning to  , the allowed region contracts

signi�cantly, particularly near the boundaries, as clearly demonstrated by comparing the bottom-right

panel of Fig.  2 with the bottom panels of Fig.  3. Moreover, even under the circumstance of these

increasingly stringent constraints, our analysis reveals that the DM can still be as light as approximate 

 while fully compatible with all experimental measurements.

We also present in Fig.4 the PL map of    on the    and    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    can be reduced to about    for  ,

roughly one order of magnitude below the current LZ limits. Even more dramatically,    can reach

values as low as  , which lies three orders of magnitude below the corresponding LZ limits and

two orders of magnitude below the neutrino �oor. The reason behind these disparities is that as

indicated by Eq.  (36),    is suppressed only by a factor of  , whereas    depends on

multiple parameters of the GNMSSM, each contribution being suppressed by at least   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 current sensitivities by

just one order of magnitude without �nding any evidence of DM, the parameter   would be constrained

to values signi�cantly smaller than  . This constraint would primarily arise from limitations on 

 rather than on  . Consequently, the Bayesian evidence for the Higgsino DM scenario within the

GNMSSM framework would be substantially reduced.

Finally, we present in Table  2 detailed information for two benchmark points that satisfy all

experimental constraints. Point P1 corresponds to the best-�t point obtained by minimizing the 

 function speci�ed in footnote 1. It features substantial Higgsino-Singlino mixing, enabling a sub-TeV 

 to achieve the measured DM relic abundance primarily through co-annihilation 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  ,

which explicitly suppresses the Higgsino-Singlino mixing. This fundamental difference in mixing

signi�cantly alters the relative importance of various annihilation channels in the two scenarios. For

instance, when examining the effective annihilation cross-section   formulated in Eq. (2.27), we �nd

that the    process contributes only    to    for Point P1, whereas this contribution
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increases to   for Point P2. Consequently, a heavier   mass of approximately   is required for

Point P2 to attain the correct relic abundance via Higgsino co-annihilation mechanisms.

Aside from these evident differences, another crucial distinction between the two points lies in the

gaugino masses:    and    in P1 are signi�cantly smaller than those in P2, yet both con�gurations

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    while keeping other parameters of P2 unchanged, the predicted cross-sections

would increase drastically:  ,  ,  , and 

. All of these values exceed current LZ upper bounds by more than one order of

magnitude. These �ndings underscore the central conclusion of this work: the GNMSSM provides a

signi�cantly broader and more �exible parameter space than the MSSM for accommodating viable

Higgsino-dominated DM scenarios.

5. Conclusion

Higgsino DM represents a compelling candidate within supersymmetric frameworks, offering a unique

convergence 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 signi�cantly 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   Higgs data and the LZ results in 2024.

Our analysis revealed the following key �ndings:

Lower than 1 TeV Higgsino DM

In the GNMSSM, Higgsino-dominated neutralinos can achieve the correct DM relic density at

signi�cantly lower masses at approximately 660 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

6.9% χ~0
1 1.1 TeV

M1 M2

= = 2 TeVM1 M2

= 6.8 ×  σSI
p 10−46 cm2 = 7.0 ×  σSI

n 10−46 cm2 = 4.7 ×  σSD
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= 3.6 ×  σSD
n 10−43 cm2
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correct relic density without invoking extensive Higgsino-gaugino mixing that would otherwise

compromise direct detection compatibility.

Lower DM-nucleon scattering rate

Despite the increasingly stringent constraints from experiments like LZ, the GNMSSM maintains a

considerable viable parameter space. This robustness stems from the Higgsino-Singlino mixing,

which can effectively suppress the SI scattering cross-sections.

Moderate cancellations

In order to satisfy the relic density and direct detection constraints, parameter   has to keep at a low

value of  . This set a lower SI scattering cross-section globally �rst, then other parameters like 

 and   can be tuned to satisfy the direct detection constraints. This re�ects cancellations among

different terms in the SI amplitude.

In summary, our analysis indicates that the GNMSSM presents a viable alternative to the MSSM, offering

re�ned strategies to tackle persistent challenges in supersymmetric DM models. By incorporating

additional degrees of freedom from the singlet sector, we demonstrate 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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Footnotes

1 In frequentist statistics, the two-dimensional PL refers to the maximum likelihood value in a speci�c

parameter space[121]. For a given set of input parameters  , this PL is obtained by

maximizing the likelihood function while varying the other parameters:

At a given point  ,    re�ects its capability to explain the experimental data, or

alternatively, the data’s preference for the parameter space of the theory. Correspondingly, one may

λ

O(0.1)

κ V S
h

Θ ≡ ( , , ⋯)Θ1 Θ2

L ( , ) = L(Θ),ΘA ΘB max
,⋯, , ,⋯, , ,⋯Θ1 ΘA−1 ΘA+1 ΘB−1 ΘB+1

(3.2)

( , )ΘA ΘB L( , )ΘA ΘB
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de�ne    for the PL function as    to measure the point’s capability in

explaining the data.
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