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We study two simple and well-motivated nonuniversal gaugino mass models, which predict Higgsino
dark matter. One can account for the observed dark matter relic density along with the observed Higgs
boson mass of ≃125 GeV over a large region of the parameter space of each model, corresponding to a
Higgsino mass of ≃1 TeV. In each case this parameter region covers the gluino mass range of 2–3 TeV,
parts of which can be probed by the 14 TeV LHC experiments. We study these model predictions for the
LHC in brief and for dark matter detection experiments in greater detail.
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I. INTRODUCTION

Supersymmetry, in particular the minimal supersymmet-
ric Standard Model (MSSM) [1–3], offers a natural
candidate for the dark matter [4,5] of the Universe in the
form of the lightest supersymmetric particle (LSP).
Astrophysical constraints require it to be a colorless and
neutral particle, while direct-detection experiments disfavor
a sneutrino dark matter [6]. Thus the favored dark matter
(DM) candidate in the MSSM is the lightest neutralino ~χ01
which could be any combination of the neutral gauginos,
like the bino ( ~B), wino ( ~W), and Higgsinos ~HD, ~HU, i.e.,

~χ01 ¼ N11
eBþ N12

eW þ N13
eHD þ N14

eHU: ð1Þ

Here Nij for i; j ¼ 1 − 4 refers to elements of the matrix
that diagonalizes the neutralino mass matrix [3].
In the simplest version of this model—called the con-

strained MSSM (CMSSM) or the minimal supergravity
(mSUGRA) model [3,7]—the lightest neutralino as a dark
matter candidate [4,5] is dominantly a bino over most of the
parameter space. Since a bino does not carry any gauge
charge, its main annihilation mechanism is the so-called
bulk annihilation process via sfermion exchange. But the
Higgs boson mass bound of 114 GeV from LEP [8] implied
large sfermion masses in this model [9], which was
reinforced with discovery of the Higgs boson at the
LHC with a mass of about 125 GeV [10]. This implies
a very inefficient bulk annihilation process, resulting in an
overabundance of the dark matter relic density over most of

the parameter space. We shall see below that there are only
a few strips of parameter space available in the CMSSM
giving a cosmologically compatible dark matter relic
density—i.e., the stau coannihilation, the resonant annihi-
lation, the focus point, and the Higgsino dark matter
regions [3,11]—each of which requires some amount of
fine-tuning between SUSY parameters. Moreover, large
parts of the stau coannihilation and the resonant annihila-
tion regions are disfavored by the Higgs boson mass of
about 125 GeV, while most of the hyperbolic branch
[11,12]/focus point [13] region is disfavored by the recent
direct dark matter detection experiments [14]. While the
Higgsino dark matter region is unaffected by these results,
it corresponds to squark and gluino masses ≳8–10 TeV in
this model, which cannot be probed at the LHC [14,15].
Therefore this region has little practical interest at least for
LHC experiments.
In this work we shall study the phenomenology of

Higgsino dark matter in some simple and predictive non-
universal gauginomass (NUGM)models basedon theSU(5)
grandunified theory (GUT) [16–24]. Thegauginomass term
in theGUT scale Lagrangian is bilinear in the gaugino fields,
which belongs to the adjoint representation of the GUT
group. Thus for the 24-dimensional representation of SU(5)
the above must transform like one of the representations1

occurring in their symmetric product [22]:

ð24 × 24Þsymm ¼ 1þ 24þ 75þ 200 ð2Þ

The mSUGRA model considers the singlet representa-
tion for the gaugino mass term, implying a universal
gaugino mass at the GUT scale. On the other hand, any
of the three nonsinglet representations implies nonuniversal
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gauginomasses at the same scale. Each of these threeNUGM
models is as predictive as the CMSSM. We shall see below
that the24model predicts a bino-dominated darkmatter, as in
the case of the CMSSM. But the 75 and the 200 models
predict Higgsino-dominated dark matter over the bulk of
their parameter spaces. Thus one can obtain the right
amount of dark matter relic density by considering a
Higgsino mass of ∼1 TeV [11,24]. Unlike the CMSSM,
however, this is achieved here naturally with a significantly
reduced degree of fine-tuning between SUSY parameters
[25]. Moreover, for both these NUGM models, the cosmo-
logically compatible relic density regions of Higgsino dark
matter correspond to a gluino mass range of 2–3 TeV, at least
a part of which can be probed by the 14 TeV LHC experi-
ments. Therefore these nonuniversal gaugino mass models
should be of great phenomenological interest in the near
future.
In Sec. II we give a brief overview of the above-

mentioned universal and nonuniversal gaugino mass mod-
els. In Sec. III we summarize the phenomenology of the
dark matter relic density compatible regions of the
CMSSM. In Sec. IV we describe the dark matter relic
density compatible regions of the 75 model along with the
Higgs boson mass constraint. We list the SUSY mass
spectra for a set of benchmark points satisfying these
constraints, which are expected to be within the reach of
the 14 TeV LHC experiments. We also show the size of
the gluino pair-production cross section for these points
at the 14 TeV LHC and briefly discusses the signal
characteristics. Then we compare the predictions of this
model for various direct and indirect dark matter detection
experiments. In Sec. V we give the analogous description
for the 200 model. We conclude with a summary of our
results in Sec. VI.

II. NONUNIVERSALITY OF GAUGINO
MASSES IN SU(5) GUT

The gauge kinetic function that relates to the gaugino
masses at the GUT scale originates from the vacuum
expectation value of the F-term of a chiral superfield Φ
which causes SUSY breaking. Thus the gaugino masses are
obtained via a nonrenormalizable dimension-five operator
as given below [22]:

L ⊃
hFΦiij
MPlanck

λiλj: ð3Þ

Here λ1;2;3 are the U(1), SU(2), and SU(3) gaugino fields
(bino, wino, and gluino, respectively). Since gauginos
belong to the adjoint representation of the GUT group,
Φ and FΦ can belong to any of the irreducible representa-
tions occurring in their symmetric product [Eq. (2)], i.e., 1,
24, 75, or 200. Thus the unification scale gaugino masses
for a given representation n of the SUSY-breaking super-
field are determined in terms of one mass parametermn

1=2 as

MG
1;2;3 ¼ Cn

1;2;3m
n
1=2; ð4Þ

where the values of the coefficients Cn
1;2;3 are listed in

Table I [16]. The coefficients Cn
3 are conventionally

normalized to 1.
The CMSSM assumes the SUSY-breaking superfield Φ

to be a singlet, implying universal gaugino masses at the
GUT scale. On the other hand, any of the three nonsinglet
representations of Φ would imply nonuniversal gaugino
masses as per Table I. These nonuniversal gaugino mass
models can be consistent with the universality of gauge
couplings,2 αG ≃ 1=25, and their phenomenology has been
widely studied [16–24]. The superparticle masses at the
electroweak scale are related to these GUT-scale gaugino
masses along with the universal scalar mass parameter m0

and trilinear coupling parameter A0, via renormalization
group equations (RGE). In particular, the gaugino masses
evolve like the corresponding gauge couplings at the one-
loop level of the RGE, implying

M1 ¼ ðα1=αGÞMG
1 ≃ ð25=60ÞCn

1m
n
1=2;

M2 ¼ ðα2=αGÞMG
2 ≃ ð25=30ÞCn

2m
n
1=2;

M3 ¼ ðα3=αGÞMG
3 ≃ ð25=9ÞCn

3m
n
1=2: ð5Þ

The corresponding Higgsino mass μ is obtained from the
electroweak symmetry-breaking condition along with the
RGE for the Higgs scalar masses. Neglecting contributions
from the trilinear soft terms, one has a relatively simple
expression for the Higgsino mass at the one-loop level of
the RGE [26], i.e.,

μ2 þ 1

2
M2

Z ≃ −0.1m2
0 þ 2.1MG

3
2 − 0.22MG

2
2

− 0.006MG
1
2 þ 0.006MG

1M
G
2

þ 0.19MG
2M

G
3 þ 0.03MG

1M
G
3 ; ð6Þ

where the numerical coefficients on the right-hand side
correspond to a representative value of tan β ¼ 10, but have
only modest variations over the moderate tan β region.
Our results are based on exact numerical solutions of the

two-loop RGEs including also the contributions from the

TABLE I. Coefficients Cn
1;2;3 for the unification scale gaugino

mass parameters for each representation.

n Cn
3 Cn

2 Cn
1

1 1 1 1
24 1 −3=2 −1=2
75 1 3 −5
200 1 2 10

2See Ref. [18] and references therein.
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trilinear couplings using the SUSPECT code [27].
Nevertheless, the approximate formulas of Eqs. (5) and
(6) are very useful in understanding the composition of the
LSP dark matter in these models. The dominant contribu-
tion to the mass of the Higgsino (6) comes from the MG

3

term, implying μ ∼
ffiffiffi
2

p
m1=2 from Table I for all four

models. On the other hand, for the mass of the bino,
Eq. (5) shows thatM1 ∼ 0.4m1=2 for the CMSSM, implying
a bino-dominated LSP dark matter in this model. One sees
from Table I thatM1 is further suppressed by a factor of one
half in the 24 model, implying an even more strongly bino-
dominated LSP dark matter. Thus one obtains a generic
overabundance of dark matter in the CMSSM as well as in
the 24 model. For the 75 and the 200 models, however, one
sees from Table I that the bino mass M1 is enhanced by
factors of 5 and 10, respectively, relative to the CMSSM,
implying a Higgsino-dominated LSP dark matter in these
nonuniversal gaugino mass models. Since the Higgsino has
an efficient annihilation mechanism via its isospin gauge
coupling to the W boson, one obtains a cosmologically
compatible dark matter relic density in these models and
this corresponds to a Higgsino mass μ≃ 1 TeV [11,24].

III. COSMOLOGICALLY COMPATIBLE
DARK MATTER RELIC DENSITY

REGIONS OF THE CMSSM

The cosmologically compatible dark matter relic density
regions of the CMSSM have been thoroughly investigated
over the last two years in light of the 125 GeV Higgs boson
mass and other LHC results, as well as by taking into

account the constraints from dark matter direct-detection
experiments [14,15]. We shall briefly revisit this issue here
as a prelude to our investigation of Higgsino dark matter in
nonuniversal gaugino mass models. This will provide a
very useful backdrop for comparing the relative advantage
of the dark matter scenario in the latter models. We have
used the SUSPECT [27] code in our computation which uses
two-loop RGEs and radiative electroweak symmetry break-
ing (REWSB) to generate the electroweak scale SUSY
spectra. We consider a theoretical uncertainty of around
3 GeV in the lightest Higgs scalar mass mh within the
MSSM. This arises due to the EWSB scale dependence, the
renormalization scheme (such as the DR or the on-shell
schemes as used in SUSPECT and FEYNHIGGS [28], respec-
tively), uncertainties in the mass of the top quark, and
higher-order loop corrections up to three loops [29]. Hence,
we assume that a mass of 122 GeV should be consistent
with the Higgs data.
Figure 1 shows the CMSSM parameter space for repre-

sentative values of moderate tan β [¼ 10, Fig. 1(a)] and
large tan β [¼ 50, Fig. 1(b)]. The shaded region on top is
disallowed due to the lack of REWSB (μ2 < 0), while the
bottom strip is disallowed because the stau becomes the LSP.
The constraints from the Higgs boson mass band of
122–125 GeVare indicated by the blue solid lines. Note that
one requires a fairly large value of the GUT scale trilinear
coupling parameter, A0 ¼ −2 TeV, consistent with the
charge and color breaking constraint [30] to raise the
Higgsmass above 122GeV via the top-squarkmixing contri-
bution at tanβ¼10. The constraints from the Bs→μþμ−ð2σÞ
[31–34] and b→sγð3σÞ [35,36] decays are also indicated:

FIG. 1 (color online). The CMSSM/mSUGRA parameter space for representative values of moderate tan β ¼ 10 (a) and large
tan β ¼ 50 (b). The cosmologically compatible dark matter relic density regions are indicated by the red dots, while the constraints from
the Higgs boson mass band of 122–125 GeVare indicated by the blue solid lines. The constraints from Bs → μþμ− and b → sγ decays
are also indicated by solid magenta and maroon dashed lines, respectively (see text). The region above these lines is allowed by the
corresponding constraints. The green region at the top is mostly excluded due to absence of REWSB (μ2 turning negative), while the
green region at the bottom is excluded because of the stau becoming the LSP.
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2.77 × 10−4 < Brðb → sγÞ < 4.09 × 10−4;

0.67 × 10−9 < BrðBs → μþμ−Þ < 6.22 × 10−9: ð7Þ
The strips of red dots indicate the cosmologically compatible
dark matter relic density regions, satisfying WMAP [37]/
Planck [38] data,3

0.09 < Ωh2 < 0.14: ð8Þ
They are usually classified into the following four regions.4

(1) The stau coannihilation region is the short strip
adjacent to the lower boundary in Fig. 1(a), where
the LSP dark matter coannihilates with a nearly
degenerate stau, ~χ01~τ1 → τγðZÞ, via s-channel τ or
t-channel ~τ exchange. It requires a degeneracy
between the bino dark matter and the stau masses
to within 10%–15%.

(2) The resonant annihilation region is the funnel-
shaped strip in Fig. 1(b), corresponding to s-channel
annihilation of the dark matter pair into a fermion
pair ~χ01 ~χ

0
1 → ff̄ principally via the pseudoscalar

Higgs boson A.
Since the H ~χ01 ~χ

0
1 and A~χ01 ~χ

0
1 couplings are propor-

tional to the product of the gaugino and Higgsino
components of ~χ01 the same are strongly suppressed
for a bino-dominated LSP. Therefore it requires the
resonance condition, MA ≃ 2M1, for enhancement
from the Breit-Wigner denominator along with a
large tan β for a large coupling of A to the fermion
pair. Note that both the stau coannihilation and
resonant annihilation regions require some fine-
tuning between independent SUSY mass parame-
ters. Besides, large parts of both regions are
disfavored by the Higgs boson mass constraint.

(3) The hyperbolic branch/focus point region near the
upper boundary in each part of Fig. 1 extends up to
m1=2 ≃ 3 TeV. Here the LSP has a large admixture
of bino and Higgsino components because μ ∼M1.
Since the Z ~χ01 ~χ01 coupling is proportional to the
difference of the squares of the Higgsino compo-
nents of ~χ01 (i.e., N2

13 − N2
14), the pair annihilation

~χ01 ~χ
0
1 → ff̄ occurs mainly via Z-boson exchange.
By rewriting the electroweak symmetry-breaking

condition [Eq. (6)] for the CMSSM in terms of m0

and m1=2 one obtains the hyperbolic equation in
m1=2 and m0 for fixed values of μ,

μ2 þ 1

2
M2

Z ≃ −0.1m2
0 þ 2m2

1=2: ð9Þ

One can have a substantial cancellation between the
two terms on the right-hand side, within the hyper-
bolic branch/focus point region with m0 ≫ m1=2.
This ensures a low value of μ ∼M1 ∼ 0.4m1=2. Note,
however, that it implies a significant amount of fine-
tuning betweenm0 andm1=2. Moreover, most of this
region is strongly disfavored by the negative results
from the recent DM direct detection experiments [14].
The reason is that sizable gaugino and Higgsino
components of ~χ01 in this region imply a largeH ~χ01 ~χ01
coupling, predicting a large spin-independent (SI)
~χ01p cross sections for these experiments.

(4) Finally, the right end of the strip near the upper
boundary corresponds to μ ≲M1, i.e., μ≲ 0.4m1=2,
implying a Higgsino-dominated dark matter in the
CMSSM [11]. Since the Higgsino pair can annihilate
via their gauge coupling to W bosons, one obtains
the desired dark matter relic density [Eq. (8)] for a
Higgsino DM mass μ≃ 1 TeV, practically indepen-
dent of any other SUSY parameter. The Higgsino
DM region is realized for m1=2 ≳ 3 TeV so that the
mass of the bino M1 ≳ 1.2 TeV [Eq. (5)], while
the corresponding gluino mass is above 10 TeV. The
squark masses are also sufficiently heavy, which
implies that the strongly interacting sparticles are
well beyond the reach of the LHC at 14 TeV. The
TeV scale superparticle masses can nevertheless
easily account for the desired Higgs boson mass
of ∼125 GeV. However, one sees from the above
hyperbolic equation [Eq. (9)] that in this case there is
at least as large a fine-tuning between the m0 and
m1=2 parameters as there is in the focus point region.
We note that the 1 TeV Higgsino signal can be
detected via the associated single-photon process at
the 3 TeV CLIC [24,39]. But it is generally believed
that there will be no CLIC if there is no SUSY signal
at the LHC. In that sense, this region seems to be of
little practical interest at least for the colliders.

We shall see below that one obtains a Higgsino LSP dark
matter with a mass of 1 TeV in the 75 and 200 models with
many properties similar to those of the CMSSM, but with
two major advantages. It occurs naturally in these nonuni-
versal gaugino mass models, without requiring any large
cancellation between independent SUSY parameters.
Moreover, the corresponding gluino and top-squark masses
lie over the 2–3 TeV region, at least a part of which are
within the reach of 14 TeV LHC.

IV. PHENOMENOLOGY OF HIGGSINO DARK
MATTER IN THE 75 MODEL

Figure 2 shows the m1=2 −m0 parameter plane of the
NUGM model corresponding to the representation 75 of
SU(5) GUT for representative values of tan β ¼ 10 and 30
when A0 ¼ −3 TeV. Region I at the top is excluded due to

3The limits correspond to a 5σ range of the Planck data that
accommodates the WMAP provided range.

4We will ignore here the so-called bulk-annihilation region
characterized by LSP pair annihilation via t-channel slepton
exchange since it occurs for a smaller m1=2 zone that is excluded
by the Higgs mass data.
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the nonconvergent EWSB solution, while region II at the
bottom is excluded due to the lighter top squark (~t1) being
the LSP/tachyonic for both Fig. 2(a) and Fig. 2(b). The
regions with red dots correspond to Higgsino dark matter
that satisfy the cosmological relic density, while the
constraints from the Higgs boson mass range of 122–
125 GeV are indicated by the blue solid lines. Contours of
gluino and lighter top-squark masses are indicated along
with the μ ¼ 1 TeV contour. In the band DEF the cosmo-
logical relic density of dark matter is achieved through
coannihilation among the degenerate charged and neutral
Higgsinos (~χ01; ~χ

0
2; ~χ1

�), while in the strip ABC near the
lower boundary there is additional coannihilation with the
lighter top squark (~t1). In regions III and IV we obtain
underabundant and overabundant DM, respectively, for
Fig. 2(a), whereas the regions labeled III and IV correspond
to only underabundant DM in Fig. 2(b). Bs → μþμ− and
b → sγ constraints are satisfied everywhere. We now
comment on the appearance of the clip regions in both
of the above figures. We have investigated it by varying m0

for a given m1=2 in relevant regions. A jump in μ appears
near a particular zone ofm0 associated with the clip region.
This is essentially associated with the way the corrections
to μ2 arising out of a finite-order effective potential (one or
two loop) are computed [40]. It is possible that a loga-
rithmic term for the correction (typically from the top-
squark contribution) may turn from a negative value to a
positive value almost discontinuously for a small change in
m0 around a given value of m0. This would give rise to a

jump in the value of μ. For a Higgsino-dominated LSP, such
an abrupt (albeit small change) in μ may mean a significant
amount of change in the relic density (∼μ2). Thus the above
explains the appearance of clip regions within the zone that
satisfies the relic density. A similar effect occurs in the zone
near the REWSB boundary. Of course, the inclusion of
higher-order terms in the effective potential would smooth
out such jumps or eliminate the clip regions in general.
Table II lists the superparticle masses for three bench-

mark points (BP) from the left part of each figure [namely,
Figs. 2(a) and 2(b)] with relatively light gluinos, which can
be probed at the high-luminosity run of the 14 TeV LHC.
Here we show the gluino pair-production cross section for
these points at the 14 TeV LHC as obtained by using the
code PROSPINO [41]. These cross sections correspond to
several hundred gluino pairs at 100 fb−1 which can be
probed in the high-luminosity run of LHC. Moreover, the
probe can be extended up to a gluino mass of 2.5 TeV at
the very high-luminosity runs of 1000–3000 fb−1 [42]. We
note that Table II shows an inverted hierarchy of squark
masses with a relatively light top squark ~t1. Together with
the large coupling of the top squark with the Higgsino, it
implies that the gluino will dominantly decay via a real or
virtual top squark: ~g → tt̄~χ01;2. In the second to last row we
show the branching ratio (BR) results from SUSY-HIT [43]
for the dominant decay modes of ~g. Only the modes having
BR > 10% are shown. For BPs 1, 3, 4, and 6, ~g decays to
~t1 t̄-type final states with 100% BR. As shown in the last
row, ~t1 further decays to b~χ

þ
1 since kinematically there is no

FIG. 2 (color online). (a) Plot in them0 −m1=2 plane for the 75 model for tan β ¼ 10. Region I is excluded because of a nonconvergent
EWSB solution. Region II is disfavored, as the top squark becomes the LSP or tachyonic there. Contours for top-squark, gluino
masses, μ ¼ 1 TeV, mh ¼ 125 GeV, and mh ¼ 122 GeV are also shown. Red points satisfy the relic density constraint (8). For the red
points lying along the boundary of region II in the strip ABC, the LSP is Higgsino like. Along the strip DEF we also find the LSP
to be Higgsino like. In the region ABC the main DM annihilating mechanisms are coannihilations involving ~t1, ~χ1�, ~χ01, and ~χ02. All the
way along the strip DEF coannihilations occur where ~χ�1 , ~χ01, and ~χ02 take part almost equally. In regions III and IV we obtain
underabundant and overabundant DM, respectively. The entire parameter space is allowed by Bs → μþμ− and b → sγ constraints.
(b) Similar plot as in panel (a) with tan β ¼ 30. Colors and conventions are the same as in panel (a). Here we get underabundant DM for
both regions III and IV.
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way to have a top and an LSP for the above decay. On the
other hand, for BPs 2 and 5, the ~g → ~t1t̄ decay mode is
kinematically forbidden, leading to ~g decaying into three-
body final states. It is clear from the BRs that the signal will
contain two to four top quarks plus a large ET from the
decay of the gluino pair. Moreover, the Majorana nature of
the gluino implies that half of the two top quarks plus ET
final states will have a same-sign top-quark pair. Thus, one
expects a distinctive signal with either two same-sign top
quarks or three or four top quarks accompanied by a large
ET from the LSP pair. Depending on the BPs or the
parameter space, in general one needs to carefully compute
the SM backgrounds [44]. We hope the members of the
ATLAS and CMS collaborations will make detailed sim-
ulation studies of this signal, which is beyond the scope of
the present work. We shall proceed now to the model
predictions for the direct and indirect dark matter detection
experiments.

The spin-independent scattering cross section σSI
p~χ0

1

of the
nucleon with ~χ01 involves Higgs exchange (t-channel) or
squark exchange (s-channel) diagrams. With the present
LHC limit of squark masses, the Higgs exchange processes
dominate in σSI

p~χ0
1

. Typically, unless the LSP is a mixture of

Higgsino with bino or wino, the couplings are suppressed.
For a Higgsino-dominated scenario of the LSP with ~χ01
(jμj ≪ M1;M2) and for the decoupling limit of the Higgs
boson (M2

Z ≪ M2
A), one finds the relevant couplings [45]

Ch~χ ~χ and CH ~χ ~χ that explicitly show the suppression effect
when M1 and M2 are away from μ. The results are not
however valid when jμj is close to either M1 or M2:

Ch~χ ~χ ≃∓ 1

2
MZcW ½1� sin 2β�

�
t2W

M1 − jμj þ
1

M2 − jμj
�
;

CH ~χ ~χ ≃ 1

2
MZcW cos 2β

�
t2W

M1 − jμj þ
1

M2 − jμj
�
; ð10Þ

TABLE II. Spectra of six benchmark points for the 75 model. Masses and mass parameters are shown in GeV. Gluino pair-production
cross sections correspond to a 14 TeV LHC run. The relevant SM parameters used are mpole

t ¼ 173.5 GeV, mMS
b ¼ 4.18 GeV, and

mτ ¼ 1.77 GeV. Branching ratios for the dominant decay modes of ~g and ~t1 are also shown.

Parameter 1 2 3 4 5 6

m1=2 837.11 731.80 658.32 843.10 762.16 656.10
m0 1948.54 3689.09 2248.34 1805.52 3110.81 2089.04
tanβ 10.00 10.00 10.00 30.00 30.00 30.00
A0 −3000.00 −3000.00 −3000.00 −3000.00 −3000.00 −3000.00
ðM1;M2;M3Þ 1884, 2035. 1767 1661, 1786, 1517 1475,1599,1400 1895,2052,1786 1724, 1860, 1593 1467,1595, 1403
μ 1268.56 1062.37 1235.64 1176.45 978.18 1148.12
m~g 1954.41 1822.47 1600.97 1957.89 1861.66 1587.32
m~χ1

� ;m~χ2
� 1272.51, 2081.25 1072.96, 1854.31 1234.37, 1650.76 11 81.44, 2095.35 988.12, 1922.20 1148.78, 1643.44

m~χ1
0 ;m~χ2

0 1272.18, 1275.75 1072.59, 1076.29 1233.99, 1240.02 1180.92, 1183.69 987.55, 990.32 1148.18, 1152.51
m~t1 ;m~t2 1298.52, 2421.22 2188.85, 3365.72 1282.69, 2287.72 1270.36, 2235.20 1909.76, 2838.59 1220.38, 2054.05
m ~b1

;m ~b2
2412.53, 2486.19 3364.03, 3866.90 2279.98, 2533.74 2098.72, 2229.44 2835.95, 3048.80 2038.31, 2127.47

m ~u1 ;m ~u2 2922.94, 2671.38 4104.89, 3982.31 2818.42, 2661.21 2848.60, 2584.39 3657.64, 3500.96 2697.29, 2531.82
m~eL ;m~eR 2620.75, 2480.56 3978.62, 3919.23 2633.97, 2550.39 2527.42, 2377.81 3485.48, 3405.96 2499.53, 2410.04
m~τ1 ;m~τ2 2450.19, 2606.89 3881.97, 3960.64 2519.42, 2619.58 2096.37, 2402.7 6 3078.22, 3331.77 2122.94, 2368.87
mA;mH� 2873.09, 2873.11 4068.20, 4068.24 2865.53, 2865.33 2210.31, 2210.25 2913.68, 2913.65 2179.37, 2179.33
mh 123.13 122.04 122.20 123.95 122.87 123.03
Ω~χ1h

2 0.11 0.13 0.12 0.12 0.11 0.10
BFðb→sγÞ 3×10−4 3.04×10−4 3×10−4 2.77×10−4 2.91×10−4 2.75×10−4

BFðBs→μþμ−Þ 3.53×10−9 3.53×10−9 3.53×10−9 3.76×10−9 3.58×10−9 3.76×10−9

σSIpχ in pb 7×10−10 7.57×10−10 2.97×10−9 4.54×10−10 4.11×10−10 1.74×10−9

σNLOgg in fb 1.23 2.83 8.45 1.19 2.21 8.97

Dominant
decay modes
of ~g (in %)
(> 10% are
shown)

~g→~t1 t̄ 50 ~g→ ~χ01tt̄ 23 ~g→~t1 t̄ 50 ~g→~t1 t̄ 50 ~g→ ~χ01tt̄ 23 ~g→~t1 t̄ 50

→~t�1t 50 → ~χ02tt̄ 18 →~t�1t 50 →~t�1t 50 → ~χ02tt̄ 20 →~t�1t 50

→ ~χ−1 tb̄ 27 → ~χ−1 tb̄ 27

→ ~χþ1 bt̄ 27 → ~χþ1 bt̄ 27
Dominant
decay modes
of ~t1 (in %)
(> 10% are
shown)

~t1→b~χþ1 100 ��� ~t1→b~χþ1 100 ~t1→b~χþ1 100 ��� ~t1→b~χþ1 100
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for μ > 0 and μ < 0, respectively, with sW ¼ sin θW , etc.
The particular result to note from the above equation for the
Higgsino-dominated LSP case is that the direct-detection SI
cross section decreases with an increase in the gaugino
masses M1 and M2. Thus for a given m1=2, the 75 model
will have a decreased value for σSI

p~χ0
1

because of larger

values of the bino and wino masses when compared with
the mSUGRA scenario. Figures 3(a) and 3(b) show the
results of σSI

p~χ0
1

for different values of the LSP mass for

tan β ¼ 10 and tan β ¼ 30 using micrOMEGAs [46]. This
corresponds to the parameter space of Fig. 2. The exclusion
contours from XENON100 [47] and LUX [48] are also
shown in addition to the estimated exclusion level for future
XENON1T experiment [49]. The regions satisfying the
relic density bracketed within 900 < m~χ0

1
< 1300 GeV for

tan β ¼ 10 and 900 < m~χ0
1
< 1200 GeV for tan β ¼ 30 are

shown in red, and the points generally satisfy the LUX
limit. On the other hand, a large region of parameter space
may be probed via the future XENON1T experiment.
Coming to the spin-dependent (SD) LSP-proton cross

section, we note that σSDpχ is associated with a Z exchange
since the large values of the squark masses after the LHC
data would not cause any significant contribution from
squark exchange diagrams. The coupling of ~χ01 ~χ

0
1Z related

to a Higgsino asymmetry is given by CZ ~χ ~χ ¼ jN2
13 − N2

14j.
For a Higgsino-like LSP one can have the following
approximate expression [45,50]:

CZ ~χ ~χ ≃∓ 1

2

�
t2W

M2
W

M1μ
þ M2

W

M2μ

�
cos 2β þO

�
μ

M1

;
μ

M2

�
;

ð11Þ

for μ > 0 and μ < 0, respectively. We note that for the
region of parameter space satisfying the relic density, a
Higgsino-dominated LSP when associated with sufficiently
large electroweak gaugino masses (which is indeed true for
both NUGM models considered in this work) results in a
significant amount of suppression of σSDpχ . This is visible in
Fig. 4(a) as well as in Fig. 4(b), where we show the scatter
plots of σSDpχ vs m~χ0

1
for tan β ¼ 10 and 30, respectively, for

the 75 model. For the zones of m~χ0
1
satsfying the relic

density, σSDpχ (shown with red dots) is way too small to be
probed via the shown IceCube exclusion limits (both the
existing and the projected limits). Here, the spin-dependent
cross section is obtained via indirect means by searching
for muon neutrinos at IceCube [51] arising out of dark
matter annihilation within the Sun. We will also discuss the
muon flux limit in relation to the mass of dark matter in this
section. We may mention that in the present scenario, the
IceCube limits are stronger [52,53] than the dedicated spin-
dependent direct-detection experiments like COUPP [54].
We next consider DM indirect-detection studies for the

75 model for the photon signal. There can be a sufficient
degree of gravitational capture of weakly interacting
massive particles (WIMPs) due to nuclear scattering
effects. Gravitational capture may occur in dense regions,
like galactic centers, dwarf galaxies or in the core regions of
objects within the Solar System such as the Sun or the Earth
[4,5]. The LSP pair annihilation would produce fermion-
antifermion pairs or electroweak gauge bosons. Decays of
products of primary annihilation and hadronization may
produce π0’s that would eventually produce photons. Apart
from the above there can be final-state radiation effects of
primarily produced particles. We note that the environment
of gravitational capture and LSP annihilation is associated

FIG. 3 (color online). (a) Spin-independent scattering cross section of the LSP with a proton as a function of LSP mass for the 75
model with tan β ¼ 10. The constraints coming from direct-detection experiments—like XENON100, LUX, and the expected limit from
XENON1T—are shown. The points in red satisfy the relic density constraint. (b) Similar plot as in panel (a) for tan β ¼ 30.
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with a much smaller velocity (v=c ∼ 10−3), unlike a much
larger velocity existing at the time of freeze-out. Thus, the
annihilation of LSPs in the present day scenario involves a
large p-wave suppression [ðv=cÞ2]. We remind ourselves
that the LSP being a Majorana particle the combined CP
property and the combined parity of the LSP pair are the
same. This makes the favored s-channel particle (namely,
the CP-odd Higgs boson A) contribute dominantly to the
photon signal, which on the other hand is p-wave sup-
pressed, as discussed above. We note that a larger Higgsino
content is generally favorable for the photon signal.
However, the NUGM models under discussion depend
on high scale input parameters and involve RGEs and
REWSB that lead to correlated SUSY spectra. All these
cause an s-channel Higgs resonance to become a remote

possibility. Figures 5(a) and 5(b) show hσvi, the thermally
averaged LSP pair annihilation cross section, as a function
of m~χ0

1
for the 75 model with tan β ¼ 10 and tan β ¼ 30,

respectively. The Fermi-LAT constraint from LAT dwarf
spheroidal stacking (4 years) [55] is shown as a green line.
The red points correspond to parameter points satisfying
the relic density. Owing to a larger bb̄ coupling of the Higgs
for a large tan β, hσvi is generally larger in Fig. 5(b) in
comparison with Fig. 5(a). The parameter space for the 75
model is practically unconstrained by the present
Fermi limit.
We would like to discuss the probing of Higgsino-

dominated dark matter via indirect detection of muon flux
at IceCube [51] due to neutrinos from the Sun. In SUSY
models neutrinos cannot be produced at tree level in

FIG. 4 (color online). (a) Variation of the spin-dependent cross section with the LSP mass for the 75 model with tan β ¼ 10. The
IceCube exclusion limit for the ~χ01 ~χ

0
1 → WþW− channel is shown as a green line [52]. The blue line represents the expected sensitivity

reach of IceCube. (b) Similar plot as in panel (a) for tan β ¼ 30.

FIG. 5 (color online). (a) DM self-annihilation cross section as a function of DM mass for the 75 model with tan β ¼ 10. The
Fermi-LAT constraint [LAT dwarf spheroidal stacking (4 years)] [55] is shown as a green line. The parameter space is practically
unconstrained by Fermi data. (b) Similar plot as in panel (a) for tan β ¼ 30.
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neutralino annihilations. However, neutrinosmay arise from
other sources, like heavy quarks, gauge bosons, tau leptons,
etc.5 Thus neutrinos are produced with a broad energy
distribution, with energy reaching up to a sizable fraction of
the DMmass. For a DMmass less thanMW , neutrinos from
bb̄ or τþτ− are the primary channels. But these are not very
promising candidates for detection with given experimental
thresholds of neutrino detection. For massive neutralinos,
annihilations may additionally lead to gauge bosons, top
quarks, or Higgs bosons. A neutralino with a substantial
Higgsino component may undergo pair annihilation to
produce gauge bosons, which in turn may produce high-
energy neutrinos. We must keep in mind that neutrinos with
an of energy several hundreds of GeV produced inside the
Sun would be depleted since the probability of a neutrino
escaping the Sun without interaction is given by P ¼
e−Eν=Ek , where depending on the type of neutrino Ek varies
from 130 to 230 GeV [5]. Neutrino oscillation is taken into
account while computing the flux of muon neutrinos at
the detector. At the detector, the muon flux arising from
neutrinos via charge-current interactions is detected.
Neutrino signals from the Sun or other dense regions in

general involve the capture and annihilation of WIMPs. In
general, both spin-independent and spin-dependent types of
scattering of WIMPs with various nuclei may lead to an
appreciable reduction of energy, leading to the WIMP
velocity going below the escape velocity. This leads to
WIMPsbeing capturedwithin the object and also undergoing
pair annihilations. Thus the time evolution of N WIMPs is

dN
dt

¼ C − CAN2: ð12Þ

Here C refers to the rate at which WIMPs are captured, and
CA depends on the annihilation cross section of WIMPs and
is related to theWIMP annihilation rate ΓA via ΓA ¼ 1

2
CAN2

in the Sun [5,57,58]. Any possibility of having a positive
evaporation term that is linear in N is neglected here. The
above arises from a scenario of WIMP-nuclear scattering,
where the WIMP is much lighter than a given nucleus in
abundance in the Sun. Such terms may potentially increase
the speed ofWIMPs above the escapevelocity [59]. The time
dependence of N from Eq. (12) leads to ΓA ≡ 1

2
CAN2 ¼

1
2
C tanh2ðt=τÞ, where τ ¼ 1=

ffiffiffiffiffiffiffiffiffi
CCA

p
. With appreciably large

capture and annihilation rates, this is indeed possible for the
Sun for various models including supersymmetry, and with
the present time t ¼ t⊙ ¼ 4.5 × 109 years it is realistic to
assume t=τ ≫ 1, leading to ΓA ¼ 1

2
C. This of course means

an equilibrium scenario out of the capture and annihilation of
WIMPs [60]. This is however not true for the capture and
annihilation of WIMPs in the Earth, which is much less
massive, leading to either a much smaller escape velocity
or the dominance of spin-independent interactions in the
WIMP-nuclear scattering, resulting in reduced capture rates
forWIMPs. Thus probingDMvia muon flux due to neutrino
propagation is not so promising for the Earthwhen compared
to the prospect for the Sun [5].Wemust note that both SI and
SD cross sections are important for the capture of WIMPs in
the Sun [56,61]. Capture cross sections may be related
through suitable models to SI and SD WIMP-nuclear cross
sections, and it is through such relations that the measure-
ment of muon flux due to neutrino signals may be translated
into setting limits on SI and SD cross sections [5,56].
Figures 6(a) and 6(b) show the results of the muon flux
with respect to the mass of the LSP for tan β ¼ 10 and 30,
respectively, for the 75 model. The IceCube exclusion limit
for the ~χ01 ~χ

0
1 → WþW− channel is shown as a green line [52].

FIG. 6 (color online). (a) Variation of the muon flux with the LSP mass for the 75 model with tan β ¼ 10. The IceCube exclusion limit
for the ~χ01 ~χ

0
1 → WþW− channel is shown as a green line [52]. The blue line represents the expected sensitivity of IceCube. (b) Similar

plot as in panel (a) for tan β ¼ 30.

5There is a possibility of having neutrinos from two-to-two
annihilation into gauge bosons via loops [56].
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The blue line represents the expected sensitivity reach of
IceCube. Clearly, IceCube would not be able to probe the
region of parameter space that satisfies the relic density
limits.

V. PHENOMENOLOGY OF HIGGSINO DARK
MATTER IN THE 200 MODEL

Figures 7(a) and 7(b) show the scatter plots in the
m1

2
−m0 plane of the NUGM model corresponding to

the representation 200 of SU(5) GUT for representative
values of tan β ¼ 10 and 30 when A0 ¼ −2 TeV. Region I
is excluded because of a nonconvergent EWSB solution.
Region II is disallowed because the lighter top squark (~t1)
becomes the LSP or tachyonic. Contours for squark and
gluino masses for a few different values, along with the
contours for μ ¼ 1 TeV, mh ¼ 122 GeV, and mh ¼
125 GeV are also shown. Red points satisfy the relic
density constraint. In the region A the LSP is Higgsino-
like with very little wino admixture. The mechanisms that
allow the DM to satisfy the relic density constraint are
coannihilation processes among ~χ1

�, ~χ01, and ~χ02. Along the
branches B and C the LSP is also Higgsino like. There are
coannihilations involving ~χ1

�, ~χ01, and ~χ02. Here, we also
find m~χ0

1
≃m~χ1

� ≃MA=2. Thus we find s-channel Higgs

(A;H;H�) resonance processes involving coannihilations
among ~χ01 and/or ~χ1�=~χ02. Along the strips DE and EF we

also get mostly a Higgsino-like LSP. Here coannihilation
processes involving ~χ1

�, ~χ02, and ~χ01 cause the dark matter to
achieve the right relic density. For regions III, IV, and V we
get underabundant DM, whereas regions VI and VII give
overabundant DM. The entire parameter space respects
Bs → μþμ− and b → sγ constraints.
Table III shows the superpartner masses and other data of

phenomenological interest for three benchmark points each
for tan β ¼ 10 and 30, corresponding to Figs. 7(a) and 7(b),
respectively. The mass patterns are more or less not very
different from the 75 model. However, we must keep in
mind that MG

1 is significantly larger (by a factor of 2),
whereas MG

2 is smaller (by a factor of 2
3
) for the 200 model

when compared with the 75 model (see Table I).
Consequently, the masses of left and right components
of scalars are affected differently via RGE effects. The
change happens such that almost all the squarks and the
sleptons are split among the left and right scalars in the
200 model. The top-squark sector has a reduced splitting
because of the smaller jA0j considered here compared to the
75 model. The second to last row shows the gluino pair-
production cross section [at next-to-leading order (NLO)]
at the 14 TeV LHC using PROSPINO [41]. Typically these
would correspond to fewer gluino pairs compared to the 75
model. Nonetheless, they correspond to around 100 events
in the high-luminosity 100 fb−1 run of LHC. The decay
modes of ~g are more or less the same as those of the 75

FIG. 7 (color online). (a) Allowed parameter space in the m0 −m1=2 plane for the 200 model for tan β ¼ 10. Region I is excluded
because of a nonconvergent EWSB solution. Region II is disallowed because the top squark becomes the LSP or tachyonic. Contours for
the squark and gluino masses, μ ¼ 1 TeV, mh ¼ 122 GeV, and mh ¼ 125 GeV are also shown. Red points satisfy the relic density
constraint. In region A the LSP is Higgsino like with very little wino admixture. The mechanisms that allow the DM to satisfy the
WMAP relic density constraint are coannihilation processes among ~χ1

�, ~χ01, and ~χ02. Along the branches B and C the LSP is Higgsino
like. There are coannihilations involving ~χ1

�, ~χ01, and ~χ02. Here we also find m~χ0
1
≃m~χ1

� ≃MA=2. Thus we find s-channel Higgs

(A;H;H�) resonance processes involving coannihilations among ~χ01 and/or ~χ1
�=~χ02. Along the strips DE and EF we also get mostly a

Higgsino-like LSP, and coannihilation among ~χ1
�, ~χ02, and ~χ01 helps the dark matter to achieve the right relic density. For regions III, IV,

and V we get underabundant DM, whereas regions VI and VII give overabundant DM. The parameter space is unconstrained by
Bs → μþμ− and b → sγ limits. (b) Similar plot as in panel (a) for tan β ¼ 30.
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model for BPs 1, 2, and 5, leading to similar signal
characteristics. For BPs 3, 4, and 6 there is an additional
decay mode, ~g → ~b1b̄, which was absent in the 75 case.
The reason lies in the fact that ~t1 and ~b1 have similar masses
here compared to the 75 case. Furthermore, the last row
shows the relevant BRs for the decays of ~t1 and ~b1. We note
that ~b1 dominantly decays in the channel ~b1 → t~χ−1 . So, as
in the 75 model, the gluino pair will decay dominantly into
two, three, or four top quarks plus ET , with half of the two
top events having same-sign tops.
Figures 8(a) and 8(b) show the scatter plots of the spin-

independent direct-detection cross section of neutralino
dark matter with respect to the mass of the LSP in the 200
model for tan β ¼ 10 and 30, respectively. The exclusion
contours from XENON100 [47] and LUX [48] are also
shown, in addition to the estimated exclusion level for the

future XENON1T experiment [49]. The region 900 <

m~χ0
1
< 1400 GeV (which satisfies the relic density) for

both values of tan β are shown in red, and an appreciable
number of parameter points are discarded via the LUX
limit. On the other hand, a large region of parameter space
may be probed via the future XENON1T experiment. We
note that the 200 model has a smaller wino mass ðM2Þ
compared to that for the 75 model for a given value of
m1=2. Thus the SI cross section can be understood to be
larger for the 200 model [Eq. (10)] due to the relative
closeness of values between μ and M2. Consequently, a
larger region of parameter space in the 200 model is
excluded via the LUX limit in comparison with the 75
model (Fig. 3).
Figures 9(a) and 9(b) show the scatter plots of σSDpχ vs

m~χ0
1
for tan β ¼ 10 and 30, respectively, for the 200 model.

TABLE III. Spectra of six benchmark points for the 200 model. Masses and mass parameters are shown in GeV. Gluino pair-
production cross sections correspond to a 14 TeV LHC run. Branching ratios for the dominant decay modes of ~g, ~t1, and ~b1 are also
shown.

Parameter 1 2 3 4 5 6

m1=2 848.94 818.46 874.26 833.33 732.93 881.86
m0 1663.05 2847.18 895.64 1102.62 2587.57 644.69
tan β 10.00 10.00 10.00 30.00 30.00 30.00
A0 −2000.00 −2000.00 −2000.00 −2000.00 −2000.00 −2000.00
ðM1;M2;M3Þ 3781, 1364,

1779
3670, 1318,

1695
3880, 1402,

1842
3696, 1338,

1763
3272, 1181,

1534
3912, 1416,

1865
μ 1224.92 1096.58 1278.14 1180.55 962.14 1224.61
m~g 1976.53 1969.82 1989.92 1911.12 1779.53 1993.02
m~χ1

� ; m~χ2
� 1215.42, 1420.40 1096.80, 1380.77 1264.42, 1453.96 11 71.41, 1386.67 961.65, 1238.37 1216.89, 1459.56

m~χ1
0 ; m~χ2

0 1214.18, 1235.18 1095.45, 1110.36 1263.25, 1286.26 1170.02, 1187.81 960.01, 974.02 1215.54, 1231.19
m~t1 ; m~t2 1935.09, 2143.44 2413.91, 2711.43 1660.69, 2004.42 1577.30, 1957.53 2151.43, 2334.72 1512.69, 1995.50
m ~b1

; m ~b2
2002.13, 2467.81 2696.88, 3302.78 1699.20, 2111.78 1605.97, 1946.00 2298.94, 2754.09 1533.65, 1863.84

m ~u1 ; m ~u2 2545.05, 3064.03 3362.44, 3751.19 2203.44, 2812.92 2213.15, 2771.82 3049.81, 3394.37 2137.80, 2770.35
m~eL ; m~eR 2510.23, 3534.60 3364.87, 4134.98 2140.52, 3338.13 2156.49, 3258.35 3047.09, 3731.57 2066.61, 3308.62
m~τ1 ; m~τ2 2493.40, 3510.79 3346.80, 4105.56 2123.61, 3316.60 2001.68, 3055.4 0 2888.06, 3469.38 1907.25, 3112.53
mA;mH� 2757.87, 2757.70 3498.83, 3498.88 2462.24, 2462.44 2011.60, 2011.60 2612.90, 2612.90 1966.87, 1966.85
mh 122.42 122.01 122.90 123.42 122.45 123.77
Ω~χ1h

2 0.11 0.12 0.10 0.10 0.09 0.10
BFðb → sγÞ 3.02 × 10−4 3.04 × 10−4 3.01 × 10−4 2.78 × 10−4 2.88 × 10−4 2.78 × 10−4

BFðBs → μþμ−Þ 3.53 × 10−9 3.53 × 10−9 3.54 × 10−9 3.78 × 10−9 3.79 × 10−9 3.81 × 10−9

σSIpχ in pb 1.41 × 10−8 7.46 × 10−9 1.65 × 10−8 1.15 × 10−8 6.54 × 10−9 9.44 × 10−9

σNLOgg in fb 1.09 1.26 9.73 × 10−1 1.47 3.31 9.51 × 10−1

Dominant decay
modes of ~g in
(%) (> 10%
are shown)

~g → ~χ01tt̄ 12 ~g → ~χ01tt̄ 20 ~g → ~b1b̄ 29.5 ~g → ~b1b̄ 29 ~g → ~χ01tt̄ 17 ~g → ~b1b̄ 26
→ ~χ02tt̄ 11 → ~χ02tt̄ 17 → ~b�1b 29.5 → ~b�1b 29 → ~χ02tt̄ 14 → ~b�1b 26
→ ~χ−1 tb̄ 22 → ~χ−1 tb̄ 23 → ~t1 t̄ 20.5 → ~t1 t̄ 21 → ~χ−1 tb̄ 23 → ~t1 t̄ 22
→ ~χþ1 bt̄ 22 → ~χþ1 bt̄ 23 → ~t�1t 20.5 → ~t�1t 21 → ~χþ1 bt̄ 23 → ~t�1t 22

Dominant decay
modes of ~t1= ~b1
(in %) (> 10%
are shown)

� � � � � � ~t1 → t~χ01 24 ~t1 → t~χ01 24 � � � ~t1 → t~χ01 23
→ t~χ02 38 → t~χ02 36 → t~χ02 42
→ b~χþ1 27 → b~χþ1 30 → b~χþ1 33
~b1 → t~χ−1 64 ~b1 → t~χ−1 61 ~b1 → t~χ−1 74
→ t~χ2− 23 → t~χ2− 14 → b~χ01 14

→ b~χ01 10 → b~χ02 10
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For the zones of m~χ0
1
satisfying the relic density, σSDpχ (as

shown with red dots) is way too small to be probed via
the shown IceCube exclusion limits (both the existing
and projected limits). As mentioned before, here the spin-
dependent cross section is obtained via indirect means by
searching for muon neutrinos at IceCube [51] arising from
dark matter annihilation within the Sun. We note that
in comparison with the 75 model (Fig. 4) the SD cross
section is a little larger in the 200 model because of the
relatively smaller mass of the wino [Eq. (11)]. We will
soon discuss the muon flux limit in relation to the mass of
dark matter.
Figures 10(a) and 10(b) show hσvi as a function of m~χ0

1

for the 200 model with tan β ¼ 10 and tan β ¼ 30,

respectively. The Fermi-LAT constraint [LAT dwarf sphe-
roidal stacking (4 years) [55]] is shown as a green line. The
red points correspond to parameter points that satisfy the
relic density bound. Similar to Fig. 5, the parameter space
for the 200 model is practically unconstrained by the
present Fermi limit.
Figures 11(a) and 11(b) show the results of the muon

flux with respect to the mass of the LSP for tan β ¼ 10 and
30, respectively, for the 200 model. The IceCube exclusion
limit for the ~χ01 ~χ

0
1 → WþW− channel is shown as a green

line [52]. The blue line represents the expected sensitivity
reach of IceCube. Clearly, IceCube would not be able to
probe the region of parameter space that satisfies the relic
density limits.

FIG. 8 (color online). (a) Spin-independent scattering cross section of the LSP with a proton as a function of LSP mass for the 200
model with tan β ¼ 10. The constraints coming from direct-detection experiments—like XENON100, LUX, and the future XENON1T
experiment—are shown. (b) Similar plot as in panel (a) for tan β ¼ 30.

FIG. 9 (color online). (a) Variation of the spin-dependent cross section with the LSP mass for the 200 model with tan β ¼ 10. The
IceCube exclusion limit for the ~χ01 ~χ

0
1 → WþW− channel is shown as a green line. The blue line represents the expected sensitivity reach

of IceCube. (b) Similar plot as in panel (a) for tan β ¼ 30.
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VI. CONCLUSION

The LHC SUSY searches and discovery of a Higgs
boson at 125 GeV have put strong lower bounds on
superparticle masses. Consequently, the CMSSM/
mSUGRA with a typically bino-dominated LSP leads to
an overabundance of the DM relic density over most of its
parameter space. There are only a few strips of parameter
space that give a relic density that is compatible with
WMAP/Planck data, each of which requires a significant
amount of fine-tuning amongst the SUSY mass parameters.
Moreover, large parts of the stau coannihilation region and

the resonant annihilation region are disallowed by the
Higgs mass constraint, while the focus-point region is
strongly disfavored by the direct DM search experiments.
The Higgsino LSP region can account for the right DM
relic density for an LSP mass of about 1 TeV, while
satisfying the Higgs mass and other experimental con-
straints; however, it implies large squark/gluino masses
≳8–10 TeV, which are inaccessible at LHC. On the other
hand, nonuniversal gaugino mass models corresponding to
the 75 and 200 representations of the SU(5) GUT group
naturally predict a Higgsino-dominated LSP, which can
account for the right DM relic density for an LSP mass of

FIG. 10 (color online). (a) DM self-annihilation cross section as a function of DMmass for the 200 model with tan β ¼ 10. The Fermi-
LAT constraint [LAT dwarf spheroidal stacking (4 years)] [55] is shown as a green line. The parameter space is practically unconstrained
by Fermi data. (b) Similar plot as in panel (a) for tan β ¼ 30.

FIG. 11 (color online). (a) Variation of the muon flux with the LSP mass for the 200 model with tan β ¼ 10. The IceCube exclusion
limit for the ~χ01 ~χ

0
1 → WþW− channel is shown as a green line. The blue line represents the expected sensitivity reach of IceCube.

(b) Similar plot as in panel (a) for tan β ¼ 30.

HIGGSINO DARK MATTER IN NONUNIVERSAL GAUGINO … PHYSICAL REVIEW D 91, 035022 (2015)

035022-13



about 1 TeV (as in the case of the CMSSM) but with
much reduced fine-tuning. Moreover, it implies gluino
masses in the region of 2–3 TeV in these models, at least a
part of which is accessible to high-luminosity LHC runs
at 14 TeV. We listed the SUSY spectra for a set of
benchmark points in this region of the two nonuniversal
guino mass models along with the corresponding gluino
pair-production cross sections at 14 TeV LHC. We also
briefly discussed the distinctive signatures of these signal
events. We then discussed the prospects of detecting these
two model signals in various direct and indirect DM
detection experiments. For both of the models these signal
cross sections turn out to be quite small. The smallness of
the spin-independent direct-detection cross section σSIpχ in
the above two models arises from the fact that (i) the LSP
is mostly Higgsino like with very little bino or wino
components, and (ii) the masses of the bino and wino in
the two models are large for a given gluino mass in
comparison to what is found in the CMSSM. σSIpχ is a little
higher in the 200 model compared to that in the 75 model
because of a relatively smaller wino mass for the former
model. The results show that a significant amount of
parameter space is allowed by LUX and will be probed by
future direct-detection experiments like XENON1T. We
also evaluated the spin-dependent cross section σSDpχ for

the two models. It was found that for the characteristic
zones of m~χ0

1
that satisfy the relic density limits, the

masses of the bino and wino are sufficiently high so as to
cause some suppression effect. σSDpχ becomes quite small,
which will be probed via IceCube. Regarding the indirect-
detection signals, the photon signal intensity is small
because of a general lack of s-channel Higgs resonance
arising from the characteristic spectra of NUGM models
that involve the given mass relations among gaugino mass
parameters, RGEs, and REWSB. The thermally averaged
annihilation cross section lies well below the Fermi-LAT
limit. Similarly, the muon flux values are too low to be
probed by IceCube. One finds that the two NUGM
models would be probed better using the measurement
of the spin-independent direct-detection cross section via
XENON1T rather than any other direct and indirect dark
matter detection experiments.
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