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We consider a singlino dark matter (DM) scenario in a singlet extension model of the minimal
supersymmetric standard model, which is the so-called the nearly minimal supersymmetric standard model.
We find that with high-scale supersymmetry breaking the singlino can obtain a sizable radiative correction
to the mass, which opens a window for the DM scenario with resonant annihilation via the exchange of the
Higgs boson. We show that the current DM relic abundance and the Higgs boson mass can be explained
simultaneously. This scenario can be fully probed by XENONIT.
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The supersymmetric (SUSY) models are good candidates
of the physics beyond the standard model (SM), because
they solve the hierarchy problem and ensure the unification
of the gauge couplings. In addition, the lightest SUSY
particle (LSP) can be a natural candidate of the dark matter
(DM) if the R parity is conserved. However, the minimal
SUSY extension of the SM (MSSM) contains a dimensionful
parameter u, and it causes the “u problem” [1]. Although u
must be the size of the SUSY breaking scale to realize the
electroweak symmetry breaking properly, there is no reason
for 4 to be small compared to the Planck scale. One of the
simplest ways to solve this problem is to introduce a gauge-
singlet superfield. There are several models of singlet
extension of the MSSM depending on the imposed sym-
metry (for a review, see [2]). The nearly minimal (or new
minimal) supersymmetric standard model (nMSSM) [3-5]
based on Z& or ZE R symmetry does not suffer from the
domain wall problem, unlike Z; symmetric models
(NMSSM) [6,7]. Therefore, the nMSSM is one of the
promising models of the new physics.

On the other hand, recent various cosmological obser-
vations have established the ACDM cosmological model,
and the relic abundance of the cold DM is measured
accurately [8,9]. In the nMSSM, the singlino can be a
candidate of the DM [5,10-14]. But they seem to be
incompatible with relatively high-scale (TeV-scale) super-
symmetry breaking, which is inferred from the measured
SM Higgs boson mass [15,16] and the null results of the
sparticle searches at the Large Hadron Collider (LHC)
[17,18]. This is because the singlino mass and its couplings
with SM particles have been thought to be suppressed by
the SUSY breaking scale, which leads to overabundant
singlino DM in the Universe. However, if one-loop
corrections to the singlino mass are taken into account,
the singlino can obtain a sizable mass, which opens a
window for a resonant DM scenario via the s-channel
annihilation with the exchange of the SM Higgs boson.
Furthermore, in these resonant DM scenarios, since the
annihilation rate of the singlino is p-wave suppressed, one
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needs a relatively large value of the Higgs-DM coupling.
This fact implies that the singlino DM can be probed more
readily than the scalar one [19].

In this Letter, we study the singlino resonant DM
scenario within the high-scale nMSSM including one-loop
corrections to the neutralino masses. We will show that if
the SUSY breaking scale is around ~10 TeV and tan f is
relatively low, the current DM abundance and the measured
SM Higgs boson mass can be achieved simultaneously. We
will also find that this scenario can be fully probed by the
proposed future DM search XENONIT [20].

This Letter is organized as following. In the next section,
we give a short review of the nMSSM. We present
properties of the singlino in the following section. In the
third section, we investigate the singlino resonant DM
scenario with high-scale SUSY breaking, which is com-
patible with the SM Higgs boson mass ~125 GeV. The last
section is devoted to the conclusion and discussions.

The nearly MSSM.—In this section, we briefly review the
nMSSM [3-5].

In the nMSSM, to solve the y problem a gauge-singlet
chiral superfield S is introduced. The superpotential and the
soft SUSY breaking terms are given as

2
A A A Mis A
WZﬂSHu'Hd-FleS‘i‘WYukawav (1)

Vot = m3|S> + (AA,H,, - HyS + 158 + H.c.) + VMSSM,

soft
2)
where H, (H,) is the up (down)-type Higgs doublet
superfield. Although the terms m3, and 7 are forbidden
by a discrete Z% (&) R symmetry when supersymmetry is
conserved, they are generated by supergravity effects as

miy = AEpM5, (3)

ts = EsM3, (4)
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where M g denotes the SUSY breaking scale (see Refs. [3-5]).
Here &7 and &g are O(1) constants, and then m?, and g
become O(M?%) and O(M?), respectively [21]. With these
values, S has a vacuum expectation value (S) ~ —tg/m3 ~
O(My). This vacuum expectation value generates an
effective y parameter p.i = A(S) ~ O(My), and the y prob-
lem is solved.

At the tree level, the neutralino mass matrix in the basis
(B, WO, 10, 710, 5) s

V22
M, 92—\/"2-" —9\2/%" 0
Migee 0 —peit  —AV, | (5)
0 —Avy
0

where B is the bino, W is the neutral wino, H 2 and H 3 are
the neutral Higgsinos, and S is the fermionic component of
S. v, (v,) is the vacuum expectation value of H (HY) with
v? = v2 + v3 = (174 GeV)?. M, and M, are the gaugino
masses, where the gauge couplings for U(1), and SU(2)
are denoted as g; and g,, respectively. We denote 5 as the
mass-eigenstate neutralino whose component is mainly S.
We call 5 a singlino in this Letter. When the SUSY breaking
scale is relatively high as suggested by the LHC experi-
ments [15-18], the singlino becomes the LSP and it can be
a good candidate of the DM.

In the nMSSM, since the SM Higgs boson has an
extra contribution to the quartic coupling Aqyaric, there is
a sizable tree-level contribution to the Higgs boson
mass. When integrating out heavy SUSY particles and
matching with the SM, the SM Higgs quartic coupling is
shifted by [22]

Aj .
6A'quartic = 542 Sln22ﬁ7 (6)

compared to the MSSM. Large 4 and small tan f can give a
sizable contribution to the Higgs boson mass. However,
note that this extra contribution becomes small if mg ~ A;.
DM abundance and radiative singlino mass in the
nMSSM.—In this section, we calculate the DM abundance
and briefly estimate the singlino mass in the nMSSM.
Let us consider the case where only the singlino s is light
and other SUSY particles are relatively heavy. In this case,
the low-energy effective Lagrangian can be written as

§ =~ l =~
—Log¢ D%ss—i—%ﬂhss, (7)
where h corresponds to the SM Higgs boson. Before going
to the numerical calculation in the nMSSM, we estimate the
thermal relic abundance of singlino with this effective
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FIG. 1 (color online). The singlino thermal relic abundance and
experimental constraints or future prospects. The black lines
denote the ratio of the thermal relic abundance Q4 to the current
DM density Q.h? =0.1199 [9]. The singlino relic density
overcloses the Universe at the dark-shaded region. The regions
above the red solid lines are excluded by the Higgs invisible
decay (h — 55) searches of CMS (Bri,{1V < 58%) [24] for the
upper line (yellow-shaded region) and by the global fit of the
Higgs couplings (19%) [25] for the lower line. The dashed red
lines correspond to the future sensitivity of high luminosity LHC
(6.2%) [26] and ILC with £ = 1150 fb~! at /s =250 GeV
(0.4%) [27]. The blue-shaded regions are excluded by XE-
NON100 [28] and LUX [29]. The regions above the blue and
the green dashed lines can be probed by the future direct DM
searches of LUX [30] and XENONIT [20].

model regarding A and mi; as free parameters by solving
the Boltzmann equation [23]. In Fig. 1, the black lines show
the ratio of the thermal relic abundance Q;A? to the current
DM density Q k% = 0.1199 [9], where we take the Higgs
boson mass as m;, = 125.5 GeV. The regions above the red
solid lines are excluded by the Higgs invisible decay
(h — 55) searches of CMS (upper line) [24] and by
the global fit of the Higgs couplings (lower line) [25].
The regions above the red dashed lines can be probed by the
future Higgs invisible decay searches of high luminosity
LHC (upper line) [26] and ILC (lower line) [27]. The direct
DM searches set limits on the spin-independent cross
section of DM-nucleon elastic scattering. The blue-shaded
regions are excluded by the direct DM searches of
XENON100 [28] and LUX [29]. The region above the
blue (green) dashed line can be probed by the future direct
DM search of LUX [30] (XENONI1 T [20]). For applying
these constraints and future prospects, we assume
Q:h> = Q.h?. The gray-shaded region is excluded by
the overclosure of the Universe. One can see that the
region where § is consistent with the current DM relic
abundance lies around A ~ O(0.01) and m; ~ 60 GeV. In
this region, resonant pair annihilation of § occurs via the
Higgs boson with m; ~ m,;, /2. This allowed region can be
covered by the future Higgs invisible decay searches and
direct DM searches, especially by XENONIT.

Now, we estimate m; and A, in the nMSSM. From the
tree-level calculations, these values are evaluated as
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FIG. 2. Typical one-loop diagram which contributes to the
singlino mass.

2
v
miee ~ )2 —sin 24, (8)
S MS

e~ 72 sin2p, ©
ff MS )

where tanf = v,/v,; and we denote the typical SUSY
breaking scale by Mg Obviously, A~ O(0.01) and
m; ~60 GeV cannot be satisfied at the same time.
However, one-loop corrections to the neutralino mass
[31] can raise the singlino mass with relatively large
M. The typical diagram which contributes to the singlino
mass is given in Fig. 2. The one-loop singlino mass can be
estimated as

22 2(m3, + A
m;—loop ~ S Het sin ZﬂF (m122 + i/‘eff)
(4r) U SIN 2P
2 .
NWMS Sln2ﬁ, (10)

where the loop function F(x) is defined as F(x)=
(xlogx)/(x—1) and satisfies F(1) =1. We calculate
the singlino mass including the full one-loop corrections
[31,32]. Figure 3 shows the dependence of Mg to the
singlino mass in the tree level and the one-loop level. In this

100

50 one-loop
2
S N
© gl =
w \\ S
~ N
E 5L h < \\ tanf =2 |
\\\ \\ \\ tan3 = 5
N ~
“\\ ‘\\ \s\ tans = 10
tree s TS Y 1
\\ \‘\ s\\s
1 Y S ~
0.5 1 2 5 10 20 50

Ms|[TeV]

FIG. 3 (color online). The one-loop-level singlino mass and the
tree-level one as a function of M.

figure, we take 4 = 0.75 and all dimensionful parameters
equal to Mg. One can see that the singlino obtains sizable
one-loop corrections to the mass in the high-scale SUSY
scenario. Since this feature is due to the suppression of the
singlino mass at the tree level, the two-loop-level correction
to the singlino mass is estimated to be smaller than the one-
loop one. Note that with Mg~ O(10) TeV, tanf ~ O(1),
and A~ O(1), one can simply obtain A ~ O(0.01) and
mz; ~60 GeV [34]. Moreover, the Higgs boson mass
becomes around 125 GeV in such parameter sets with
the help of the additional quartic coupling 1. We show the
validity by using the numerical calculations in the next
section.

Numerical results.—In this section, we numerically
investigate the singlino resonant DM scenario and the
Higgs boson mass in the nMSSM. In this Letter, we
calculate the Higgs boson mass using the two-loop
renormalization group equation including the matching
condition (6) [22].

In Fig. 4, we show the singlino mass m; (red lines), the
effective Higgs-DM coupling Ay (blue lines), and the
Higgs boson mass m;, (black dashed lines) in the M g-tan 8
plane. For simplicity, all parameters are chosen to be real.
The trilinear coupling A is taken to be A,,., which is a
maximal value avoiding Landau singularities up to the
grand unified theory scale, 2 x 10'® GeV. All SUSY
breaking parameters except A, are set to Mg (Alp =
&g =1). In order to obtain a sizable contribution to the
Higgs boson mass, we choose A7 = 2M3. As one can see
from Fig. 1, the viable regions for the singlino DM are
55.5 GeV < m; < 62.7 GeV and 0.005 < A. < 0.034. In
Fig. 4, these regions correspond to the red-shaded band
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FIG. 4 (color online). Contours of m; (red lines), Ay (blue
lines), and m,, (black dashed lines) in the Mg-tanf plane
assuming A = A, at each point. On the red-shaded region
(55.5 GeV < m; < 62.7 GeV), the resonant annihilation via
the Higgs boson can occur. The green-shaded region satisfies
125 GeV < my, < 126 GeV. The blue (dark blue)-shaded region
is excluded by the current limits from LUX [29] (XENON [28]).
The yellow-shaded region is excluded by the Higgs invisible
decay search at the CMS [24], and the magenta dashed line is the
current bound by the global fit of the Higgs couplings [25].
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and the region between the two blue lines, respectively.
The green band represents 125 GeV < m;, < 126 GeV.
One can see that the singlino resonant DM scenario is
successful with tanf ~ O(1) and Mg ~ O(10) TeV.

If we choose the lower value of A%, the green line moves
to the left, because the Higgs boson mass obtains more
contribution from the quartic coupling [see Eq. (6)]. On the
other hand, with a smaller value of m?, + 1A4,(S) the
singlino mass becomes lighter and the red-shaded region
moves to the right. The blue lines are not sensitive to the
choice of m3, and A, because Ao is determined by the
SUSY breaking scale and tan f. The important point is that
in any case with Mg ~ O(10) TeV and low tan f the current
DM abundance and the measured Higgs boson mass can be
realized simultaneously. This opens a window for the
singlino DM in high-scale supersymmetry.

Finally, we show these regions in detail (see Fig. 5). In
this figure, the Higgs boson mass is fixed to be 125.5 GeV
by changing 4, 0 < 4 < A,,.«- The input parameters are the
same as Fig. 4 except A. In the dark-shaded regions, one
cannot explain m;, = 125.5 GeV. The singlino relic abun-
dance Q:h? is consistent with the current value on the
purple line, Q4% = 0.1199 [9]. In the light blue region,
Q.;h? < Q.h*. The left side of the dashed lines can be
covered by LUX (blue) [30], XENONTI1 T (green) [20], and
ILC (magenta) [27]. From this result, the future experi-
ments can probe a sign of the singlino DM.

Conclusion and discussions.—In this Letter, we have
studied the singlino resonant DM scenario within the high-
scale nMSSM. By including one-loop corrections to the
neutralino masses, the singlino can explain the current DM
relic abundance through the resonant annihilation via the
Higgs boson. We have shown that with high-scale SUSY
breaking ~10 TeV and low tan f, the DM relic abundance

A(mu=125.5 GeV)

~

0.0
== =0 Gov i

— 100

tang

FIG. 5 (color online). Contours of m; (red lines) and A (blue
lines) in the M ¢-tan f§ plane under m;, = 125.5 GeV by changing
A, 0 £ 2 < Apax- On the purple line, the singlino relic abundance
Q:h? is consistent with the current value Q 4> = 0.1199 [9]. In
the light blue region, Q;h*> < Q.h>. The left side of the blue
(green) dashed line can be probed by the future DM search LUX
[30] (XENONIT [20]). The ILC [27] can cover the left side of the
magenta dashed line. Other lines are the same as in Fig. 4.

and the SM Higgs boson mass can be explained simulta-
neously in this scenario. Even for the high-scale SUSY, we
have also shown that the parameter region where the
singlino DM is consistent with the current DM relic
abundance can be fully probed by future experiments
(see Figs. 1 and 5). Therefore, the singlino DM signal
can be “a first sign" of the high-scale supersymmetry.

In this Letter, we have concentrated on the scenario of
singlino DM with resonant annihilation via the Higgs
boson. Now, let us consider other scenarios of the high-
scale nMSSM. After integrating out heavy SUSY particles,
in the effective theory there are SM particles and only one
additional particle, the singlino. The singlino has inter-
actions with the SM Higgs boson and with the Z boson.
While the effective coupling with the Higgs boson is
suppressed by v/Mg, the coupling with the Z boson is
more suppressed by ~(v/Mg)?, which prevents the reso-
nant scenario with the Z boson. In order for the singlino not
to be overabundant, the resonant scenario with the SM
Higgs boson is the last resort for the high-scale nMSSM.

The NMSSM is another model of the singlet extension of
MSSM [2]. The superpotential is given as

A A A K A
Wxmssm =4S H,, -H ; + 553 + Wyukawa- (11)

In the NMSSM, the singlino can obtain a radiative
correction to the mass in addition to the tree-level mass
m¥e ~ 2k(S). The singlino resonant DM scenario may be
successful with small tan # and small «x in the high-scale
SUSY scenario. In the small x limit, a singletlike CP-odd
scalar boson a becomes a pseudo-Nambu-Goldstone boson
because of the existence of the global U(1) Peccei-Quinn
symmetry. Therefore, one may be able to make a distinction
between the singlino resonant scenario in the nMSSM and
NMSSM by the search for 7 — aa [35].

Since there are some new sources of CP-violating phases
in the nMSSM, the electric dipole moments (EDM) are
generally generated through a relative phase between g
and M gyin0 at the one-loop level. The electron EDM is
roughly evaluated as

d,
e

58+ m, .
~== =l _Zsingtanf [GeV!]
3847 M3

6 10_29<10 TeV
s

>2sin¢tanﬂ [cm],  (12)

where ¢ = arg (4erM gaugino). One can obtain |d,| ~
0O(107%) ecm with tan 8~ O(1), Mg~ O(10) TeV, and
sing ~ O(1). Interestingly, the electron EDM of this size
does not conflict with the current bound [36] and can be
probed by some future experiments [37-39].

The authors thank Florian Staub for providing the fixed
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