Chinese Physics C  Vol. 45, No. 4 (2021) 041003

Higgsino asymmetry and direct-detection constraints of light dark matter in

the NMSSM with non-universal Higgs masses”

Kun Wang(T-4f)  Jingya Zhu(RZE)  Quanlin Jie(3 5Ak)’
Center for Theoretical Physics, School of Physics and Technology, Wuhan University, Wuhan 430072, China

Abstract: In this study, we analyze the direct-detection constraints of light dark matter in the next-to minimal su-
persymmetric standard model (NMSSM) with non-universal Higgs masses (NUHM); we specially focus on the cor-
relation between higgsino asymmetry and spin-dependent (SD) cross section. We draw the following conclusions. (i)
The SD cross section is proportional to the square of higgsino asymmetry in dark matter )2(1) in the NMSSM-NUHM,
and hence, it is small for highly singlino-dominated dark matter. (ii) The higgsino-mass parameter pg is smaller
than approximately 335 GeV in the NMSSM-NUHM due to the current muon g-2 constraint, but our scenario with
light dark matter can still be alive under current constraints including the direct detection of dark matter in the spin-
dependent channel. (iii) With a sizeable higgsino component in the light dark matter, the higgsino asymmetry and
SD cross section can also be sizeable, but dark matter relic density is always small; thus, it can escape the direct de-
tections. (iv) Light dark matter in the h- and Z-funnel annihilation channels with sufficient relic density can be
covered by future LUX-ZEPLIN (LZ) 7-ton in SD detections. (v) The spin-independent (SI) cross section is domin-
ated by &1 - and h;-exchanging channels, which can even cancel each other in some samples, leaving an SI cross sec-

tion smaller by a few orders of magnitude than that of one individual channel.
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I. INTRODUCTION

Dark matter (DM) is always a fascinating topic, giv-
en that there is much evidence in astrophysical observa-
tions [1-3]. Weakly interacting massive particle (WIMP)
is an influential candidate for cold dark matter, which is
generated by the freeze-out production mechanism [4, 5].
However, recent results of direct detection of dark matter
established strong constraints to WIMP at the elec-
troweak scale. Studying the correlation between the
nature of WIMP DM and its scattering with nucleon and
checking the status of possible WIMP dark matter under
current direct detection constraints are urgent tasks.

Supersymmetry (SUSY) is an attractive concept that
builds an internal symmetry between fermions and bo-
sons and ensures the unification of three gauge interac-
tions. The p-problem in the Minimal Supersymmetric ex-
tension to the Standard Model (MSSM), which is the
simplest implementation of SUSY, can be solved by in-
troducing a complex singlet superfield S called the Next-

to Minimal Supersymmetric Standard Model (NMSSM).
The NMSSM has attracted a lot of attention especially
after the Higgs discovery [6-31]. The NMSSM with non-
universal Higgs masses (NUHM) [32-37] that relaxes the
Higgs sector at GUT scale is known as a semi-con-
strained NMSSM (scNMSSM). It can satisfy current con-
straints including Higgs data, LHC searches for
sparticles, DM relic density, direct searches for dark mat-
ter, and muon g-2 [38].

In previous studies of ours on the NMSSM-NUHM
[38], we developed a novel efficient method to scan the
parameter space of NMSSM-NUHM that consists of
Heuristically Search (HS) and Generative Adversarial
Network (GAN). We found that NMSSM-NUHM can
satisfy all the constraints, including DM relic density, and
that the new method is efficient. Then, we studied light
DM and Higgs invisible decay in the NMSSM-NUHM
[39], and found four funnel-annihilation mechanisms for
the lightest supersymmetric particle (LSP) £V, namely h,-,
Z-, hi-, and a; -funnels. In the NMSSM-NUHM, the light
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DM can only be singlino-higgsino like, while in the con-
ventional NMSSM, without assumptions of parameter
unifications at GUT scale, the light DM can also be bino-
like, but more free parameters are needed [40, 41].

In this study, we comprehensively analyzed the direct
detection of light dark matter in the NMSSM-NUHM, in-
cluding spin-dependent (SD) and spin-independent (SI)
scattering with nucleons. The main difference between
SD and SI scattering is that for SI scattering, the cross
section depends on each nucleon inside a nucleus equally,
and hence, it is proportional to the square of the nucleon
number; however, for SD scattering, the cross section de-
pends on the total spin of nucleons such that the contribu-
tions of additional nucleons are suppressed by Clebsch-
Gordan coefficients, and hence, the SD cross section does
not increase with the nucleon number [42, 43]. The cor-
relation between the SI and SD direct detections of dark
matter was studied in Ref. [44]. The SD direct detection
of dark matter in MSSM, which was studied in Refs. [45-
50], is determined by the higgsino component in the dark
matter. The singlino-higgsino dark matter in the NMSSM
was studied in Refs. [51-65], and there is another singlet
component that is not contained in MSSM. Thus, in this
study, we specially focused on the correlation between
the SD cross section and the so-called 'higgsino asym-
metry' in the NMSSM-NUHM. We also studied the SI
cross section for comparison.

The rest of this paper is organized as follows. In Sec.
11, we briefly introduce the model NMSSM-NUHM, es-
pecially its electroweakino sector, and perform some ana-
lytic calculations of DM-nucleon scattering. In Sec. III,
we present and discuss our numerical results. Finally, we
present our conclusions in Sec. I'V.

IO. THE MODEL AND ANALYTIC
CALCULATIONS

The NMSSM extends the MSSM with a singlet super-
field S, in addition to the up- and down-doublet ones

M, 0

0 M,
My = —cosfBsinbywmyz  cosBcosbwmy
sinBsinfwmyz  —sinBcosOwmy

0 0

where 0y is the electroweak mixing angle.
After diagonalization, the mass-eigenstate neutralin-
os can be obtained in mass order:

0 =Nijj, (%)

where N;; means the ¢; component in ¢V, and y; =
(B9W0,Hdsl:lus§)'

H,,. The superpotential with Z; symmetry is expressed
as follows:

A A A K A
Wamissm = Whisou +/15Hu‘Hd+§S3, (1)
where Wf,[SSM is the superpotential of MSSM without the

p-term, and A and « are dimensionless coupling con-
stants. After electroweak symmetry breaking, the scalar
fields H,, and S take their vacuum expectation values
(VEVs) v,4 and v, with parameters tan8=v,/v; and
Ut = Avy. Then, the gauge eigenstates mix to form 3 CP-
even ( h;3) and 2 CP-odd mass-eigenstate Higgs (a;2).

The soft breaking term in NMSSM is expressed as
follows:

soft _ soft,u 21012
—Lmssm =~ Lyssm + Ms 15|

+AAS H, - Hy + gAKS3 the, (2

where M§ is the soft mass of the singlet field S, and A,
are the trilinear couplings with mass dimension.

In the NMSSM-NUHM, the soft masses in the Higgs
sector M}, ., and Mg are assumed to be non-uniform,
and they can transform to parameters A, k, ueg. Then, the
model can be determined by the following nine paramet-
ers:

/15 K, tanﬁy Heff, A/ls AK’ A07 M1/27 MO» (3)

where My and M), are the uniformed sfermion and
gaugino masses, and Ao is the uniformed trilinear coup-
ling in the sfermion sector.

The neutralino sector:

The five super partners bino B, wino W°, higgsinos
H,4, and singlino S have the same quantum numbers.
Thus, they can mix to five mass-eigenstate neutralinos. In
the base y; =(B,W° Hy,H,,S) (with i=1,2,3,4,5), the
neutralino mass matrix is given by [66]

—cosfBsinBywmyz  sinfsinbwmy 0
cosfScosBywmz  —sinfcosOwmy 0
0 —Heft -Avg |, )
—Heft 0 —Avy
—-Avg —Av, 2KV

In previous studies of ours on NMSSM-NUHM, we
found that bino and wino are constrained to be very
heavy because of the high mass bounds of gluino. There-
fore, they can be decoupled from the light sector, unlike
that in the scenario of non-universal gaugino masses [67].
Then, the following approximations for N;; can be found
[58, 68]:
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Ni3 : Nia : Nis
m 0 — Mo

[ - sinf — cosﬁ} [ - s1n,8} “eff—)( 6)
Heft v

When we neglect the bino and wino components in the
LSP %9, the singlino and higgsino components of LSP
might have the relation

NL+Ny + Nk ~ 1. (7

Given that tan8> 1, we have sinB~1 and cosf~0.
Then, for components in the LSP, we can write

mg e —mg
Niz:Npg:Njs= —2 -1 220 (8
Meff Av

Given that B, W°, § have no interaction with the Z
boson, the coupling between Z and §! is expressed as

i .
Cziypn == 5(&15inOw+g2 s Ow) (N3 =Ni, )y, PL

1 .
+ 5 (g15infw+g> cosOw)(Ni3—Ni v Pr,  (9)

which means the coupling is proportional to the so-called
'higgsino asymmetry' |N7, — N?,| [43, 69].

For WIMP dark matter, such as the LSP )2(1) in the
NMSSM, the principle of direct detections exploits its
scattering with nucleons. The ¥-nucleon scattering cross
section can be described by an effective four-fermion op-
erator gyyp e, similar to that in Fermi's theory.

For SI scatterlng, the dominated contribution is from
the channels of Higgs boson exchanging, given that the
squarks are heavy. In the NMSSM, the SI cross section is
approximated to be [3, 70]

4mz‘,m}2V 5
oo x —A—— |2 +@A-25] . 10
T\myo +my

where Z and A are the nucleon and proton numbers in the
nucleus, respectively. And f,, denote the couplings of
DM with protons and neutrons, respectively, expressed as
(3, 70]

Jon _ (p,n> a4
a5 g
mpyn q

P n q ] ]
q——u,d,s

g=c,b,t

where a, are the couplings between DM and quarks, and
f(p " and f(” ") are the mass fractions in the proton and
neutron contributed by light quarks ¢ = u, d, s and heavy

quarks, respectively. Given that in the NMSSM-NUHM
the squarks are heavy, Higgs exchanging dominates in the
SI DM-nucleon scattering. The DM-quark couplings a,
are expressed as [51]

3
Z it e, (12)

where Cj, 0 is the coupling of #; with DM given by

Crp 0—‘/_/1( =SiiNisNia+SpNisNi3 +S3Ni3N14)
~ V2kS 3N (13)

Concerning SD scattering, the dominated contribu-
tion is from the channel of Z boson exchanging, as shown
in Fig. 1. There is also a Higgs portal, but it is sup-
pressed by a factor of my/v < 1 and can be neglected in
comparison with that of Z boson.

For DM ¢! in the NMSSM-NUHM, the SD cross sec-
tion is expressed as [42]

0 0 4g 12VN)2.)2? my
O'SD(XIN —>/\(1N)z Y A (14)

In combination with Eq. (9) and assuming that the SM
coupings are constant, the correlation between the SD
cross section and the higgsino asymmetry can be ob-
tained:

osp (V)N = ¥IN) < INT; = N3, . (15)

The SD cross section is proportional to the square of
higgsino asymmetry. This relation is also supported in the
NMSSM, given that only the coupling Cz)(“ o determines
this relation, and the SD cross section is proportlonal to
the coupling Czppe.

To obtain the DM relic density, we need to solve the
number density from Boltzmann equation:

dn, 2 2
v +3Hny, = —(ov) ((n)() - (n;q) ) ) (16)
X X
g
N =pn N=pn

Fig. 1. Scattering of dark matter and nucleons, mediated by
Z boson, where y indicates dark matter and N indicates nucle-
ons, including protons p and neutrons 7.
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where H is the Hubble rate, n, and n;q denote the num-
ber density of DM and its value in thermal equilibrium,
respectively, and (ov) is the average total cross section
timing velocity of dark matter annihilation. Although
there is no closed-form analytic solution to the Boltzmann
equation, there is a relatively simple analytic approxima-
tion [3]. The relic density can be expressed as [71]

n? my [Tt g» 10710 Gev~2
Q% = myng— = 0.752( 2L [ 8 = B
= o ( 10 100 (o)

(17)

where Tt is the freezing-out temperature of DM, ng is its
current number density, g. is the total effective degree of
freedom, and pC=3H§/(87rGN) is the critical density of
our universe. The DM relic density is inversely propor-
tional to its average annihilation cross section timing ve-
locity.

The detailed calculation of dark matter observables in
the NMSSM is performed with micrOMEGAs 5.0 [72-
75], including DM relic density, direct detection, and an-
nihilation processes.

IIT. NUMERICAL CALCULATIONS
AND DISCUSSION

In this study, we comprehensively analyzed the dir-
ect-detection constraints to light dark matter ¥, whose
mass is lighter than half of the SM-like Higgs m;,. Given
that the higgsino asymmetry correlates with the SD detec-
tion of dark matter, we extended the region of s to 100-
1000 GeV and updated our scan result in Ref. [38]. In this
scan, we used NMSSMTools-5.5.2 [76-78] to generate the
particle spectrum by imposing the corresponding con-
straints there, employed HiggsBounds-5.8.0 [79-83] to
constrain the extra Higgs bosons, and used
SModelS-v1.2.4 [84-91] to constrain the sparticle sectors.
Thus, eventually, the surviving samples shown hereafter
will satisfy the constraints, including Higgs data, muon g-
2, B physics, and sparticle searches. Specifically, details
about dark matter constraints are listed next:

e The upper bound of DM relic density is
Qh? <0.131 [92-94];

e The SI DM-nucleon cross section is constrained by
XENONIT [95], which is rescaled by Q/Qy with
Qoh? =0.1187;

e The SD DM-proton cross section is constrained by
LUX [96], XENONIT [97], and PICO-60 [98], which is
also rescaled by Q/Qy.

e (ov) is constrained by the indirect search from ex-
cess y-ray emission of dwarf galaxies by the Fermi-LAT
Collaboration [99].

Similar to the results described in Ref. [38], the mass
regions of most particles in this scenario are listed in

Table 1. Next, we focus on the light DM @) in the
NMSSM-NUHM: its scattering cross sections with nucle-
ons and their correlations with higgsino asymmetry.

In Fig. 2, the surviving samples are projected in the «
versus A planes, with colors indicating per, DM mass
mgy, and the singlino component IN1s|?, respectively. The
dashed lines indicate x/A = 125/400 ~ 0.31, which means
that, for the inner samples, the singlino-like neutralino is
lighter than half of SM-like Higgs mass, given that the
minimum of u.g is approximately 100 GeV. The follow-
ing observations can be made from this figure:

® The maximum of g is approximately 335 GeV. In
combination with Table 1, we can see that this also ap-
proximates the maximum of )2‘2)’3 and 7, given that they
are mainly higgsino-dominated.

e For samples with large peq, £ are highly singlino-
dominated with mass my ~ 2lkuer/A|, given that they
have very small |x/A].

e Most of the surviving samples are between the two
dashed lines, which means these samples are singlino-
dominated.

In Fig. 3, we show the surviving samples in the «
versus A planes, with colors indicating the DM relic dens-
ity Qh*, SD DM-neutron cross section osp, and the
higgsino asymmetry |N7, — N7,|, respectively. We checked

Table 1. Regions of some particle masses and related para-
meters.
mass/parameter minimum maximum

My2/GeV 1045 1564
M;/GeV 2296 3328
M;,,/GeV 2000 3021
M, (Msusy)/GeV 825 1238
My (Msusy)/GeV 451 683
HUetr/GeV 118 335

12k - per / A/ GeV 0.3 62
myo/GeV 0.4 63
g0 /GeV 123 331
my0 /GeV 133 348
m);lt/GeV 120 337
myo/GeV 449 675
My, myz[GeV 852 1271
ms, /GeV 93 608

my, [GeV 62 644
mg, /GeV 382 830
my, /GeV 375 826
mz, /GeV 700 2164

mp, /GeV 2.5 111

mg, /GeV 0.1 191
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Fig. 2.  (color online) Surviving samples in the « versus A planes. From left to right, colors indicate p., DM mass m_ 405 and the

singlino component in the DM |N;s[?, respectively. The dashed lines indicate |«/A| = 125/400 ~ 0.31. In all these planes, samples with lar-
ger e are projected on top of smaller ones.

2
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Fig. 3. (color online) Surviving samples in the « versus A planes. From left to right, the colors indicate the DM relic density Qh?,

spin-dependent DM-neutron cross section osp, and the Higgsino asymmetry [NZ, -
those in Fig. 2. In all these planes, samples with larger DM relic density Qh? are projected on top of smaller ones.

N124|, respectively. The dashed line is the same as

Table 2. Related information for the six benchmark points in the NMSSM-NUHM, where |N;3[?, [N14?, and |N;s|> respectively are the

up-type higgsino, down-type higgsino, and singlino components in the DM {9

Pl P2 P3 P4 P5 P6
P 9.04x 1072 2.81x107! 2.68% 107! 2.59% 107! 5.95% 107! 6.28x 107!
K —1.45x1072 -6.27x1073 -2.33x1073 -1.36x1072 3.12x107! -2.58x 107!
Hett /GeV 140 285 195 335 118 134
mgo [GeV 46 12 3 34 61 62
INy3)2 1.4% 2.7% 5.1% 1.8% 49% 45%
INy4l? 0.1% 0.01% 0.0008% 0.04% 16% 8%
IN;s? 98.4% 97.2% 94.8% 98.2% 34% 47%
INZ, - N2| 1.3% 2.7% 5.1% 1.7% 33% 37%
Qn? 0.1114 0.1290 0.1220 1.37x1073 2.52x107% 1.84x107*
os1/em? 1.49%107% 1.17x10747 5.62x107% 2.78x 1074 2.13x107% 1.22x 10~
osp/cm? 5.45x107% 2.11x1074 492x104 9.23x107% 3.39x107%° 4.34x1073°
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that the SD DM-proton cross section is almost the same
as the SD DM-neutron cross section. Six benchmark
points are listed in Table 2. The following observations
can be made from this figure:

e The samples with enough DM relic density are
highly singlino-dominated, with smaller x and A, smaller
SD DM-neutron cross section osp, and smaller higgsino
asymmetry.

e From the middle and right planes in Fig. 3, we can
conclude that the SD DM-neutron cross section osp is
proportional to the higgsino asymmetry. We also checked
that the SI DM-nucleon cross section os; have no such
correlation.

e For samples with enough DM relic density, given
that ¢ present tiny higgsino components, the asymmetry
between higgsino components, |N7,—N?,|, cannot be
large, thus the SD DM-neutron cross section osp is also
very small.

In Fig. 4, we show the correlation between the SD
DM-neutron cross section osp and higgsino asymmetry
|N123—N124|in detail. The following observations can be
made from this figure:

e In the left log-log panel, the slope of the black
dashed line is 2. Given that the surviving samples distrib-
ute parallel to the line, the correlation between the SD
DM-neutron cross section and the higgsino asymmetry is

osp o N7y = N2 (18)

e From the left panel, we can also conclude that the
higgsino asymmetry is anti-correlated with the singlino
component in |[N;5/%>. In combination with Figs. 2 and 3,
we can also conclude that the SD cross section is anti-

2
[ N1s|
04 05 06 07 08 09
P ——
== Slope=2
10—39 m
S
9} 1074 5
S}
10742 4
10743 T T
1078 1052 9 107t
’le - N14|

Fig. 4.

correlated with the relic density. Thus, the samples can
escape the constraints of SD direct-detection even if the
higgsino asymmetry is large.

e From the right panel, we can see that for most
samples |Nj3]> < [Ny4)> <0.5.

e Given that 118 < e <335GeV and myp <63 GeV
according to Table 1, the component ratio in the LSP ¢!
can be approximated according to Eq. (8) as

myo

., (19)
Meft

Niz i Nig =

and hence, the higgsino asymmetry cannot be too small
unless the higgsino components are small. However,
when the higgsino components are large, the singlino
component is small and the relic density is not sufficient.

In Fig. 5, we show the DM direct-detection con-
straints. The SI DM-nucleon cross section os; and SD
DM-neutron cross section osp are both rescaled by a ra-
tio Q/Qq with Qoh? = 0.1187. For the sake of comparison
with the SD cross section, we also studied the SI cross
section in detail. In our scenario, h; is highly singlet-
dominated, and the components of up- and down-type
doublet can be related by S;,/S 14 ~ tang > 1 [29]. Thus,
we checked that the Yukawa couplings of #; and up- and
down-type quarks divided by corresponding quark mass
are roughly equal and sizable compared with the corres-
ponding SM-like values, that is,

Chuw,  Chdd, 1 - Chugq

\/EVN my

. (20)
my, myg,

For Higgs coupling with DM, we checked that

2
ogplcm?]
10—42 10—4] 10—40 10—39

— [N+ NP =1
- = [N+ N2 =05"

.......... \Nw\? _ \1\’14\2 =0

0.4 0.6 0.8 1.0

| V132

0.2

(color online) Surviving samples in the planes of spin-dependent DM-neutron cross section osp versus the higgsino asym-

metry |N123 —N124| (left), and higgsino components in the DM |N3|> versus |Ni4/>, with colors indicating the singlino component in the

LSP |N;5? and spin-dependent DM-neutron cross section osp, respectively. In the left panel, the slope of the black dashed line is 2. In
the right panel, the black solid, dashed, and dotted lines indicate |Ny3|> +|N14l> = 1, |Ni3]> + [N14[> = 0.5, and |Ny3]> = [Ny4|?, respectively.
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Fig. 5.

(color online) Upper panels: Surviving samples in the planes of rescaled spin-independent os; x Q/Q (left) and spin-depend-

ent cross section osp X Q/Qq (right) versus DM mass mgo s respectively, with colors indicating DM relic density Q/?. In the left panel,
the black solid, dashed, and dotted curves indicate the spin-independent detection limit by XENONIT (2018) [95], and future experi-
ments of XENONnT and LUX-ZEPLIN (LZ), respectively. The neutrino floor [100] is indicated by the orange shaded region. In the
right panel, the dashed, solid, and dotted curves indicate the spin-dependent detection limit by LUX [96], XENONIT (2018) [97], and
future LZ projections [101], respectively. Samples with larger DM relic density Qi? are projected on top of smaller ones. Lower pan-
els: Surviving samples in the the planes of rescaled average DM annihilation cross section times velocity (ov) in g0%% — bb (left) and
%Y - 77 (right) channels versus the DM mass mgo s respectively, with colors indicating DM relic density QA2. The solid curves in-
dicate the 95% C.L. upper limits on{ov) from searching for excess y-ray emission from dwarf galaxies by the Fermi-LAT Collabora-

tion [99].

@

Chpw = =Chpopr -

We also checked that the SI cross section can be
roughly proportional to

2
Chpw Chaa  Chpiw 1

2 2 :
m;  Ma m, \V2v

o1 (22)

That is, SI scattering occurs mainly through %, and h;
exchange, which usually cancel each other. Moreover, the
former can be as large as the latter for some samples,
leaving the SI cross section smaller by a few orders of
magnitude than that of one individual channel. The fol-

lowing observations can be made from Fig. 5:

e The constraints from the SI DM-nucleon cross sec-
tion are stronger than those from the SD DM-nucleon
cross section. The reason is that the SI DM-nucleon cross
section o is enhanced by the square of the nucleon
number in the nucleus, and the SD DM-nucleon cross
section osp does not have such enhancement.

e The SD cross section of the surviving samples is
much larger than the SI cross section. This is because the
LSP 7} in NMSSM-NUHM is a Majorana fermion. The
SD scattering can have a Z boson exchange channel,
while SI scattering takes place mainly through Higgs bo-
sons exchange. Note from the upper left and right panels
that the SD cross section osp is larger than the SI cross
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section o1 by approximately 3-6 orders of magnitude.

e From Fig. 2 and Fig. 3, we can conclude that for
samples with large SD DM-nucleon cross section, the
LSP %" is higgsino-dominated and has large higgsino
asymmetry. From the upper right panel of Fig. 5, we can
conclude that the higgsino-dominated LSP with suffi-
cient DM relic density is excluded by SD cross sections;
only when these sections present very small DM relic
density, approximately 1073 107>, they can escape the
direct-detection constraints.

e From the upper right panel, we can conclude that
surviving samples in the h;- and Z-funnel annihilation
channels with right relic density can be covered by future
LZ 7-ton in spin-dependent detections. In combination
with the results in Ref. [39], we conclude that the other
samples are in a; - or h;-funnel annihilation channels.

e In the lower panels, we show rescaled average DM
annihilation cross section timing velocity (ov) in the
%) — bb and Y90 - v* 7~ channels. Note that the DM
indirect detection constraints from the Fermi-LAT Col-
laboration [99] do not set strong constraints to our scen-
ario. Moreover, we checked that with very small higgsino
asymmetry, the main annihilating channels are bb and
77~ mediated by hy, or a;, and with mg —2mgp > Ty, the
average cross section timing velocity (ov),r can be
roughly proportional to

2
C o000 =
{ 4¢X;(. ¢f2f ] (23)
"o ™M
with ¢ =h(,hy,a;, ff=bb,vtt~, and for average

value,v <« ¢; with sizable higgsino asymmetry annihila-
tion rate to Zy through loops [102, 103], it can also be
sizable.

0.6 0.7 0.8 0.9 1.0

—— 700 A

GeV

m i,

T
100 150 200 250 300 350

Fig. 6.

[GeV]

In a previous study of ours [39], we also studied the
invisible Higgs decay to light dark matter in detail. We
found that the four funnel annihilation scenarios can all
survive the constraints of invisible Higgs decay and can-
not be distinguished well by the corresponding future
measurements at HL-LHC and even CEPC. The signals
of light dark matter at colliders can also involve missing
energy plus mono-X (X = jets, W*, Z, Higgs) [104-108].
Given that missing-energy signatures can be reinter-
preted as any neutral particle interacting weakly with de-
tectors or decaying outside detectors, the collider
searches for DM in mono-X channels may not provide the
most efficient probes for DM detection, and we left these
in our future works. Combining with the above results
and discussions, we find that SD direct detection of dark
matter by LZ projected one is most effective to distin-
guish these four funnel annihilation scenarios.

The prediction on muon g-2 is shown in Fig. 6, from
which we can see that the main contributions are from
chargino-sneutrino loops. The light chargino is higgsino-
dominated, with mass mg- ~ per. The heavy chargino is
wino-dominated, with mass my: ~ M. Given that the
lower mass bound of gluino is 2 TeV, and gauginos unify
at the GUT scale, the wino-dominated chargino cannot be
light. Thus, the parameter pg is constrained to be smal-
ler than 335 GeV by the current muon g-2 result. The up-
coming muon g-2 result at Fermilab, with probably smal-
ler error [109], may set a stronger constraint to our scen-
ario, especially to the parameter p.g.

IV. CONCLUSIONS

In this study, we analyzed the direct-detection con-
straints of light dark matter in the NMSSM with non-uni-
versal Higgs masses (NMSSM-NUHM). In particular, we
focused on the correlation between higgsino asymmetry

1300
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1100 4

X2

@

1000 4

m

900

800

T T T T
100 150 200 250 300 350

myz[GeV]

(color online) Surviving samples in the planes of muon-sneutrino mass my, versus pes (left), and heavy-chargino mass mys

versus light-chargino mass mys (right), respectively, with colors indicating calculated muon g-2 values 6a,. Samples with larger 6a, are

projected on top of smaller ones.
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and spin-dependent cross section. We first updated the
scan result in a previous study of ours [38] with broader
tett Tegions. We considered the related theoretical and ex-
perimental constraints, including Higgs data, muon g-2, B
physics, sparticle searches at the LHC, and DM relic
density. We also paid special attention to direct detec-
tions of light DM.

In the NMSSM-NUHM scenario considered in this
study, the bino and wino are decoupled from the sector of
light neutralinos, and the lightest neutralino ¥, given that
the dark matter is lighter than half of the SM-like Higgs,
is mixed by singlino and higgsinos. We studied proper-
ties of the dark matter %9, especially its constraints from
direct detection. We drew the following conclusions:

e The spin-dependent cross section is also proportion-
al to the square of higgsino asymmetry in dark matter ¢!
in the NMSSM-NUHM.

e The higgsino-mass parameter u.g is smaller than
approximately 335 GeV in the NMSSM-NUHM due to

the current muon g-2 constraint, but our scenario with
light dark matter can still be alive under current con-
straints, including the direct detection of dark matter in
the spin-dependent channel.

e For higgsino-dominated LSP, the higgsino asym-
metry is sizable, and to escape the spin-dependent detec-
tion, the relic density is as small as 1073 ~ 1073,

e For singlino-dominated LSP, the higgsino compon-
ents and higgsino asymmetry are small. Thus, it can eas-
ily escape the spin-dependent detection with sufficient
relic density.

e Light dark matter in the h,- and Z-funnel annihila-
tion channels with sufficient relic density can be covered
by future LZ 7-ton in spin-dependent detections.

e The spin-independent cross section is dominated by
hi- and hy-exchanging channels, which can even cancel
each other in some samples, leaving a spin-independent
cross section smaller by a few orders of magnitude than
that of one individual channel.
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