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In supersymmetric models with Dirac neutrinos, the lightest sneutrino can be a good thermal dark matter
candidate when the soft sneutrino trilinear parameter is large. In this paper, we focus on scenarios
where the mass of the mixed sneutrino LSP is of the order of GeV so the sneutrino dark matter is still
viable complying with the limits by current and near future direct detection experiments. We investigate
phenomenological constraints in the parameter space of the models, as well as the vacuum stability

bound. Finally, we show that the allowed regions can be explored by measuring Higgs boson properties

at future collider experiments.
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1. Introduction

On July 4th, 2012, the ATLAS and CMS Collaborations of the
CERN Large Hadron Collider (LHC) announced the discovery of a
new particle with a mass of 125 GeV [1]. The spin and parity
properties of the new particle as well as its couplings to Standard
Model (SM) particles have been investigated, and proven to be con-
sistent with the prediction of the SM. The SM has been established
as a low energy effective theory that explains phenomena at en-
ergy scales below O(100) GeV.

Although the SM is extraordinarily successful, there are still un-
resolved problems. The observation of neutrino oscillations reveals
that neutrinos must have finite masses and contradicts the SM,
where the neutrinos are massless [2]. Cosmological observations
precisely determine the energy density of dark matter (DM) in the
universe while there is no candidate particle that can fulfill the
dark matter abundance in the SM [3,4]. From the theoretical view-
point, in order to explain the observed Higgs boson mass in the
framework of the SM an unnaturally huge fine-tuning between its
bare mass squared and contributions from radiative corrections is
required. We are obliged to construct a more fundamental theory
beyond the SM to tackle these difficulties.

E-mail addresses: kakizaki@sci.u-toyama.ac.jp (M. Kakizaki),
epark@particle.sci.hokudai.ac.jp (E.-K. Park), jae.park@uv.es (J.-h. Park),
santa@jodo.sci.u-toyama.ac.jp (A. Santa).

http://dx.doi.org/10.1016/j.physletb.2015.07.030

The problems mentioned above are solvable in supersymmetric
(SUSY) extensions with right-handed neutrino chiral supermulti-
plets [5-20]. The couplings of the right-handed neutrinos to the
left-handed counterparts provide a source of the observed neutrino
masses, which are either Dirac- or Majorana-type. The hierarchy
problem is avoided by introducing SUSY: The quadratically diver-
gent SM contributions to the Higgs boson mass squared are can-
celed out by those from diagrams involving superparticles whose
spins differ from their SM counterparts by half a unit. It is in-
triguing that a viable candidate for dark matter other than con-
ventional ones is automatically introduced as a by-product in this
framework: The lightest sneutrino which is mainly made of the
right-handed component. When such a sneutrino is the lightest
SUSY particle (LSP), the observed dark matter abundance can be
explained while satisfying other experimental constraints, in sharp
contrast to left-handed sneutrino LSP scenarios which are excluded
by the data of direct detection of dark matter. In particular, SUSY
scenarios with Dirac neutrinos and large SUSY breaking sneutrino
trilinear parameters can provide a viable left-right mixed sneu-
trino dark matter candidate [8,10,11,14,15,18-20]. Sneutrino trilin-
ear parameters of the order of other soft SUSY breaking masses
can be naturally realized in models where F-term SUSY breaking
is responsible for the smallness of the neutrino Yukawa couplings
and induce large mixings between the left- and right-handed sneu-
trino states [6]. Due to the large sneutrino trilinear coupling, the
lightest mixed sneutrino behaves as a weakly interacting massive
particle (WIMP) and its thermal relic abundance falls in the cos-
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mological dark matter abundance. So far, such mixed sneutrino
WIMP scenarios have been screened in the light of experimental
results. If the mixed sneutrino mass is of the order of 100 GeV, its
thermal relic abundance can account for the observed dark mat-
ter abundance without contradicting experimental constraints. On
the other hand, when the mass of the mixed sneutrino is smaller
than half the mass of the discovered Higgs boson, its invisible de-
cay rate is significantly enhanced. It has been shown that such a
light sneutrino dark matter scenario is excluded in the light of the
LHC results if the gaugino mass universality is imposed [18].

In this paper, we explore the GeV-mass mixed sneutrino sce-
narios without gaugino mass universality. We show that when the
lightest neutralino mass is of the order of the mixed sneutrino
mass, the thermal relic abundance of the mixed sneutrino coin-
cides with the observed dark matter abundance. It should be em-
phasized that the large sneutrino trilinear coupling makes our vac-
uum unstable. However, the vacuum stability bound in light mixed
sneutrino WIMP scenarios has been neglected in earlier works.
We compute the transition rate of our vacuum to a deeper one,
and show that the vacuum stability bound is not severe. Although
experimental constraints are very tight, there are some regions
where mixed sneutrino WIMP scenarios are viable. We show that
dark matter allowed regions can be examined by precisely measur-
ing the invisible decay rate of the observed Higgs boson at future
linear colliders.

The organization of this paper is as follows: In Section 2, the
model of the mixed sneutrino dark matter is briefly reviewed. Ex-
perimental constraints on the model are summarized in Section 3.
In Section 4, the vacuum stability bound in our model is discussed.
Section 5 is devoted to a summary.

2. Model

Here, we briefly review the mixed sneutrino model with lep-
ton number conservation, which is proposed in [6]. In this model,
in addition to the usual matter content of the Minimal Supersym-
metric Standard Model (MSSM), three generations of right-handed
neutrinos vg; (sneutrinos Vg;) are introduced. Here, i =1, 2, 3 de-
notes the generation. As a result, Dirac neutrino Yukawa interac-
tions, soft right-handed sneutrino mass terms and soft trilinear
couplings among the left-handed slepton doublet ¢;, Vg; and the
Higgs doublet with hypercharge Y = 1/2, h,, which gives mass
to the up-type quarks and Dirac neutrinos are added to the usual
MSSM Lagrangian. The newly introduced soft terms are given by

hy +h.c., (1)

25 2 TS
ALsoft = my, [VRil® + Ay, LiVg;

12\7_ are soft right-handed sneutrino mass parameters, and
1

Ay, are trilinear sneutrino A-parameters. In order to avoid lepton
flavor violation, we have assumed that these soft parameters are
diagonal in generation space. Majorana neutrino mass terms and
the corresponding right-handed sneutrino bilinear terms are pro-
hibited due to lepton number conservation.

Neglecting the contribution from the Dirac neutrino masses, the
sneutrino mass matrix for one generation is written as

2., 1,2 1 -
5 (mf—i-imzcoszlf} EA,;vmnﬂ)

where m

(2)

LA %Ag vsin B m2
where m% is the soft mass parameter for the left-handed slepton
doublet. The sum of the squares of the vacuum expectation val-
ues and the ratio of the vacuum expectation values are given by
v2 = v2 + v2 = (246 GeV)? and tanp = v, /vy, respectively. Here,
v1 (vp) is the vacuum expectation value of the Higgs doublet with

Table 1
Observables and experimental constraints.

Observable Experimental result

Qh? 0.1196 & 0.0062 (95% CL) [4]

on (mpm, o)) constraints from LUX [21] and SuperCDMS [22]
OamnV (mpM, OannV) constraint from FermiLAT [23]

AT(Z — inv.) < 2.0 MeV (95% CL) [24]

Br(h — inv.) <0.29 (95% CL) [25]

M, >90.6 GeV (95% CL) [26]

My > 420 GeV (95% CL) [26]

mg > 1.4 TeV (95% CL) [27,28]

hypercharge Y = —1/2 (Y = 1/2). In this model, the Aj is not sup-
pressed by the smallness of the corresponding neutrino Yukawa
coupling, but is of the order of other soft parameters. This large
Aj; parameter gives a large mixing between the left-handed and
right-handed sneutrinos,

V1 =cosO; Vg —sinf; vy, Vy =sinf; Vg + cosH; Uy, 3)

with mg, < my,, and the sneutrino mixing angle 65 is given by

2A; v sin

sin20; = («/—2 v 12 ﬂ) . (4)
ms —ms
1%) V1

It should be emphasized that the couplings of the lighter sneu-
trino to the Z-boson, the Higgs boson and neutralinos are sup-
pressed by a power of the small mixing angle 6;, compared to
those of the MSSM left-handed sneutrinos. The smallness of the
sneutrino interactions plays an important role in satisfying exper-
imental constraints as discussed in the next section. The Feynman
rules for such sneutrino interactions are given by
ZRD} (p)1(p) : —i————(p + p)*sin® 6y,
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—ig .
: ————(cosOw Njp — sinfy Njp)

L0 /2sin 26w W Wi

x sinfz(1 — ys), (5)

where e is the electric charge, g the SU(2); coupling constant, my
the Z-boson mass and 0y, the Weinberg angle. As for SUSY param-
eters, « is the Higgs mixing angle, and the matrix N;; diagonalizes
the neutralino mass matrix.

In the rest of this paper, for simplicity, we focus on the cases
where the lighter of the tau sneutrinos is a GeV-mass thermal
WIMP candidate. We assume that the lighter sneutrinos of the first
two generations are too heavy to affect experimental constraints
on such GeV-mass tau sneutrino WIMP scenarios.

3. Experimental constraints

Thermal WIMP candidates have been extensively tested through
many experiments. In particular, if the WIMP is lighter than half of
the mass of the Higgs boson and interacts with the Higgs boson,
such light WIMP models can be probed also through searches for
the invisible decay of the Higgs boson. We list relevant experimen-
tal constraints imposed on light tau sneutrino WIMP scenarios in
Table 1, and comment on the constraints below.

In general, dark matter candidates must be consistent with the
upper limit of the dark matter relic density [4]. In our model, if the
mass of the sneutrino WIMP is less than 10 GeV, sneutrinos tend
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