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In this paper, we discuss the minimal supersymmetric standard model (MSSM) extended with one
vectorlike lepton doublet L. — L and one right-handed neutrino N. The neutral vecotorlike sneutrino can be
a candidate of dark matter. To avoid the interaction with the nucleons by exchanging a Z boson, the mass
splitting between the real part and the imaginary part of the sneutrino field is needed. Compared with the
MSSM sneutrino dark matter, the mass splitting between the vectorlike sneutrino field can be more
naturally acquired without large A terms and constraints on the neutralino masses. We have also calculated
the relic density and the elastic scattering cross sections with the nucleons in the cases that the dark matter
particles coannihilate with or without the MSSM slepton doublets. The elastic scattering cross sections with
the nucleons are well below the LUX bounds. In the case that the dark matter coannihilates with all the
MSSM slepton doublets, the mass of the dark matter can be as light as 370 GeV.
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I. INTRODUCTION

In the supersymmetric models, R parity (—1)G35+L+25)
usually conserves in order to forbid the protons to decay
(for a review, see Ref. [1]). Then, the lightest super-
symmetric particle (LSP) can become dark matter if it is
neutral. Neutralinos and sneutrinos have been considered as
the candidates of dark matter in the literature. However,
compared with the neutralinos, sneutrinos in the minimal
supersymmetric standard model (MSSM) suffer from the
difficulty in escaping the direct detection bounds since
they can exchange a Z boson with the nucleons [2]. One
way to avoid this problem is to introduce the mass splitting
between the real part and the imaginary part of the
sneutrino field [3-8]. This trick has been applied in
many inelastic dark matter models (for examples, see
Refs. [9-13]). To achieve this splitting, we need some
lepton number-violating sectors beyond the MSSM, which
would arise from either the right-handed neutrinos or some
SU(2), -triplet Higgs fields. These sectors can also make up
for the deficiency of the MSSM that the neutrinos are
massless. However, in order to acquire enough splitting
value |my+ —my-| 2 100 KeV and at the same time keep
the sub-eV masses of the light neutrinos, large A terms are
usually required, and limits on the masses of the neutralinos
are also imposed.
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In this paper, we discuss a model that extends the MSSM
with a pair of vectorlike leptons (L + L). If the vectorlike
sneutrinos end up as the dark matter, we also need to split
the real part and the imaginary part of the vectorlike
sneutrino field. The simplest way to achieve this is to
introduce another right-handed neutrino field N together
with the lepton number-violating terms motivated from the
type I seesaw mechanisms [14—18]. We will see that in this
model enough mass splitting can arise from the LH, N and
LH N Yukawa terms even if we switch off all the trilinear
A terms. The values of these Yukawa coupling constants
can have an impact on the relic density of the dark matter
and can also contribute to the direct detection signals. If the
mixings between the vectorlike sectors and the MSSM
sectors are small enough, the sub-eV neutrino masses can
also remain undisturbed, relaxing the bounds on the masses
of the neutralinos. In the literature, there are models in
which the MSSM is extended with the vectorlike particles
(for examples, see Refs. [19-28]). Vectorlike sectors can
either be heavier than the 100 TeV scale and play the role of
so-called “messengers” in the gauge-mediating supersym-
metry breaking (GMSB) models or influence the TeV-scale
phenomenologies if the vectorlike particles are relatively
light. The latter case is particularly interesting partly
because TeV-scale vectorlike particles can be tested
directly through collider searches in the LHC era.
Vectorlike particles can also interact with the Higgs
sectors, relieving the little-hierarchy problem to reach
the sufficient standard model (SM)-like Higgs mass in
the MSSM.
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We should note that in order to keep the unification of the
gauge-coupling constants our model can be embedded in a
5 + 5 model, which also contains a pair of vectorlike down-
type quarks (D + D). However, in the following text, we
disregard this. In Refs. [29,30], there is a similar model in
which the vectorlike messenger sleptons as light as 1 to 3 TeV
play the role of the dark matter in the framework of the GMSB
models (for a review, see Ref. [31]). However, in this paper,
we do not concern the origin of the breaking of the
supersymmetry, and the vectorlike leptons just sense the
supersymmetry breaking indirectly, just similar to the ordi-
nary MSSM fields. The dark matter can become much lighter
when coannihilating with the MSSM sleptons in our model.

This paper is organized as follows. Section II describes
the model, and calculations of the mass matrices are
presented. Section III calculates the relic density and the
spin-independent cross section with the nucleons numeri-
cally. The Yukawa couplings constants are adjusted for a
best fit to the Planck result of relic density [32]. Finally,
Sec. IV contains the conclusions and discussions.

II. MODEL DESCRIPTIONS

Besides the MSSM chiral superfields H,,, Hy, L;, E;, Q;,
U,;, and D, (i = 1-3), which are the up-type Higgs doublet,
down-type Higgs doublet, the left-handed lepton doublets,
the right-handed charged leptons, the left-handed quark
doublets, and the up-type and the down-type right-handed
quarks of the three generations, respectively, we introduce L,
L, N in our model, which are a pair of vectorlike lepton
doublets and one right-handed neutrino. They are assigned
with the odd R parity. The involved superpotential is given by

Wou LL+y, LH,N+y; LH ;N +uyN>+uH, H,;. (1)

The supersymmetric breaking soft mass terms and the
trilinear A terms are given by

Lot D m3|LP +m2|L|> + m}|N? + Byuy(N* + H.c.)
+ BLIML(Z‘ l_z +HC) + (AyLyLZHuN
+A, y;LH,N +Hec.). (2)

Generally speaking, Egs. (1) and (2) do not contain all possible
terms which conserve the U(1), x SU(2), x SU(3).
|

YLvh +HE
—VLYLVuVa
L =YL 0ap — YiVakr + 2V LUN Y,
[ Yivi +ui
—YLYLUuVg

L YLVl — YiVapr + 2y Vupiy

MRF =

—YLYLVuV4
Yiva+ K
YLV + YLVHL — 2V Vapin
—YLYLVuV4
yivg+ug

=YLV + YL Vulr — 2V Valn
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quantum numbers and the R parity. These terms can result
in the mixings between the MSSM sectors and the vectorlike
sectors (e.g., L,-TL), and can also lead to the light-neutrino
mass through both the tree-level Type I seesaw mechanisms
and loop-level effects [33,34] (e.g., y;L;H,N, together with
the corresponding A terms). In the former case, we assume
these terms are small enough to be omitted not only for
simplicity but also because of the precision electroweak
constraints on the mixings between the MSSM and the
vectorlike sectors. For the latter case, the detailed specific
mass spectrum and the mixing patterns of the neutrino sectors
are out of the scope of this paper, and the smallness of the
neutrino masses suppresses the effects from these terms.
However, we should note that all these terms cannot be totally
absent, because in some coannihilation cases to be discussed,
these terms supply the way for the coannihilating particles to
finally decay into dark matter particles.

The conventions of the vacuum expectation values
(VEVs) of the Higgs sectors are

R, +il, Ry+il,
V2 V2 o

After the Higgs doublets acquire the VEVs, the real part
and the imaginary part of the vectorlike neutral sneutrinos
are separated. We define

Rp+ily F+ .

- —= = L R 1

P=| V|, I=]|.C | ~N=SvEEN oy

~_ Ri+ilp \/z
L V2

Hg:vu+ ngvz!+

(3)

The mass matrices are therefore

1 Rl =
VDE[RL’RZ’RN]MR RZ +§[1L’1Z91N]M1 II: N (5)
Ry Iy
where
Mg = Mpgp + Mpgp + Mgs,
M= Mg+ Mp + M. (6)

The matrix elements originating from the F terms are

—YLHVg — YiVapp + 2y Uiy |
YEVuH + YRV — 2V Vapty
yivi + 2ol 4 43,

YLValt — YLVakr + 2V Vupiy |
=YLV + YL Vup — 2V 0akn | . (7)
yivi + y ol 4+ 4u
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The matrix elements induced by the gauge D terms are

1
Mgpii = Mpp 1 = 1 (—giva + 910 — Gvi + G3v3),

1
Mgrpr = Mipxn = 2

(g1va — givg + G305 — g303),  (8)
and all the other matrix elements of the My, and the M,
equal zero. gy, are the U(l), and the SU(2), gauge
coupling constants, respectively. The matrix elements
induced by the soft terms are

[ omy By VLA, Uy
Mpgs = Brur m% ViAy, Va ,
Ly Ay, v, YiAy vy my + Bypy
m% =By =YL Ay, v,
Mg = —Brur m% _yLAy[ Vg |- (9)
L—VLAy, v —VIAy Vg mzzv — Byuy

After diagonalizing Mp ;, we acquire three CP-even and
CP-odd real scalar particles R;,3 and I;,3. They are
defined as

R = Zg Ry + ZginRy + Zgi3R5,

Rp = Zgo1Ry + ZgnRy + ZgosR3,

Ry = Zp3 1Ry + Zg3pRy + Zgs3R3,

Iy =Zly + Ziohh + Zp315,

It = Zp Iy + Zplh + Z315,

Iy =Zp Iy + Zioy + Z3315, (10)

where Z g;;’s are the matrix elements of the diagonalizing
matrices. Without loss of generality, we assign an ascend-
ing order of masses among R;,; and I;,3. The mass
matrix of the charged vectorlike sleptons is

VoL LT IM;- [LL;] (11)

where

Mis = Mjip+ Mjep + Mjeg. (12)
The elements originating from the F terms are simply
Mispp=Miip =0. (13)

By — A 2
Mispy =Miep =pi.

The elements induced by the D terms are
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1 1
Mipp :ZQ%U?J 92”(1 917) +492 u
Ly Ly 1,y 1,
Mzimz:_191”d+192”d+191%—192”u
Miimz = Miiml =0. (14)

The matrix elements induced by the soft terms are

2
my, —Bru
Mg = |:_BL/"L 2 ] (15)
L

After diagonalizing the M+, we acquire two charged
sleptons,

Z_:chli‘l_—i_Zc‘IZZJZ_v I:+*:ZCZIZI_ +Z(:22ZE’ (16)

where Z;;’s are the diagonalizing matrix elements. The
mass matrix of the vectorlike neutrinos together with the
right-handed neutrino is given by

LO

1 - _
EDE[LOC,LOC,NC]MLO L], (17)

N
where X¢ = X" (i6?), ¢' (i=1, 2, 3) are the Pauli

matrices, and X is a two-component Weyl spinor. The
matrix elements of the Mo are

0 HL YLUy
Mp =1 0 —YLVq |- (18)
YLty —YiUq 2uy

After diagonalizing the M0, we acquire these three neutral
majorana fermions,

LO == ZOHL(I) + Zo]ng + ZOISLg’
L® = Zop LY + Zon LY + Zops LY,
N = Zo31 LY + Zozn LS + Zos3 LY, (19)

where Z;;’s are the diagonalizing matrix elements.

Finally, L~ and LT form a Dirac fermion, and its mass
is py.

From observing (7), we can learn that, although
Mprit = Mip i, Mgras = My, the off-diagonal
|Mgras| # |Mypas]. This will split the mass between
the R;’s and I;’s even if we switch off all the mass terms
induced by the D terms and the A terms. In some cases, this
difference can be well estimated. For example, if m2,
u% > m3, the lightest two scalar fields, say R, and I},
would be dominated by R; and I ; then,
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FIG. 1.
coannihilate.
5 2 . (=yLpvg — Yivapr + 2y v,y )?
My —mp & — "
L Oemva = yivans +2v, v, piy)?
4ui3,
QYT UV VN — YLYL VAL 0
= 5 : (20)
KN
)
1 yiuww
mg, —my, Q_M’ (21)
Mgy HN

where mp; is the average value of the masses of R,
and /,. For example, if y =500 GeV, tanp = Z—‘ =15,
py =1 TeV, y; =y, = 0.1, and 7z, = 400 GeV, then
mp, —my ~20 MeV, which is far beyond the needed
O(100 KeV) in order to escape the direct detection bounds.
In this scenario, /; will be lighter than R;, which means /;
tend to become the dark matter if all the A B, y terms
are set zero.

YL YL?

ITII. NUMERICAL RESULTS OF RELIC
ABUNDANCE AND DIRECT DETECTION

If mj ~ m?, the masses of the I 7, R; ;. L, L' are
close to each other, and there are large mixings between the
neutral and the charged sleptons, respectively. For a clearer
aspect, we assume a large difference between the m? and
the mi in this paper to avoid the rather complicated mixings
and coannihilating cases. The right-handed (s)neutrino
mass terms m%, py are also large enough for the right-
handed (s)neutrinos to decouple during the annihilating
processes. In this situation, the mixings between the right-
handed sneutrinos and the vectorlike sneutrinos are also
suppressed by their large mass differences.

According to Egs. (8) and (14), the mass terms induced
by the D-terms lower the masses of the R, /;-dominated
particle and increase the mass of the L~ -dominated charged
sneutrino, while these terms lower the masses of the R, /-
dominated particle and give rise to the mass of the L*-
dominated charged sneutrino. It means that if m? < mj the
masses of the R, I;-dominated particles tend to be a little
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FIG.2. The y; corresponding to Q k% = 0.1199 (left panel), the spin-independent cross section with the nucleons of the dark matter
particles (right panel), and the branching ratios of (62)gecoupie (POttom panel) in the case in which the vectorlike sleptons coannihilate

with one generation of the MSSM slepton.

heavier than the charged L**-dominated particle, leaving
us a charged LSP in most cases. Because of this, we assume
mi < m3 in the following text. As was discussed in the
previous section, it means that the LSP will be a CP-odd
I; -dominated /.

A terms also play roles in the annihilating processes.
However, as we have noted, N decouples, so both the effects
from the A, yLZH uﬂ/ and the A, yiLH dﬂ] terms are sup-
pressed. Although A terms also modify the mass spectrum of
the supersymmetric particles, numerical calculations also
show that A, |~ O(100 GeV) does not influence the final
results to a notable extent. According to all these reasons, we
set A, = A, = 0 in the following discussions.

For simplicity, we also assume that all the other MSSM
sparticles and the exotic Higgs bosons decouple except the
Binos (B), Winos (W), and some SU(2), doublet
sleptons in some coannihilating cases. We set the masses
of all the Binos and Winos to be mp = my+0 = 2 TeV. We
also set the alignment condition f = 7 — a, where a is the
neutral Higgs bosons’ mixing angle. This equals the
my — oo limit, where m, is the mass of the CP-odd

Higgs boson. We set y; = 300 GeV during the calculation,
which is safe from the bounds on heavy leptons [35].
The model is implemented with the FeynRules 2.3.12
[36] to generate the CalcHEP [37] model files. Then,
MicrOMEGAs 4.2.5 [38] is used to calculate the relic
density, the spin-independent cross section with the nucle-
ons, and the branching ratios contributing to the (60) jecouples
which is the annihilation cross section between the dark
matter particles when they decouple. For each mass of the
dark matter, we calculate the y; which corresponds to the
best-fit Planck data Q #% = 0.1199 [32] and plot the nmpy;,
Y1, branching ratios contributing to the (6v) gecoupte and the
spin-independent direct detection cross section with the
nucleon og; in four cases, which are no coannihilation,
coannihilation with one MSSM slepton, coannihilations
with two MSSM sleptons, and coannihilations with three
MSSM sleptons in Figs. 1, 2, 3, and 4. For each coannihilat-
ing situation, we guarantee the masses of the coannihilating
MSSM sneutrinos to be 2 GeV heavier than the mass of the
dark matter. Note that it is impossible and unnecessary to
plot every branching ratio of the (6v) gecouple i such small
graphs, so we sum over the channels according to the
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The y; corresponding to Q k%> = 0.1199 (left panel), the spin-independent cross section with the nucleons of the dark matter

particles (right panel), and the branching ratios of (62)gecoupie (POttom panel) in the case in which the vectorlike sleptons coannihilate

with two generations of the MSSM slepton.

classifications of the initial states. In Fig. 1, we plot the
branching ratios among the coannihilating vectorlike CP-
even/CP-odd sneutrino and the vectorlike charged sleptons.
In Figs. 2, 3, and 4, we only plot the branching ratios among
the vectorlike sleptons and the MSSM sleptons. If we ignore
the masses of the MSSM leptons in our numerical calcu-
lations, the branching ratios will become generation inde-
pendent, so we only plot one of the branching ratios of each
of the ly; + hvyssmi> the Iyssmi + Imssmi> and Iyssmi +
Ivssmi(i # j) in Figs. 3 and 4.

If the Yukawa coupling constant y; is switched off,
then the main annihilating channels will become the
W+W~, ZZ channels. The s-channel R, +1, = Z — II
is suppressed because the R — I — Z vertex is proportional
to R;0,0,—1,0,R,. At the decoupling time, the
four-momentum vector of one dark-side particle is
(mps + 3 mpsv*, mpsv). When v <1, both terms of
R,0,1, — 1,0,R, nearly cancel out since mg, ~ my, .

Generally speaking, if all the coupling constants stay

T . . 1
unchanged, the annihilation cross section (6v) gecoupte e

If there is only one I, -like I, together with its companions in

the same SU(2), doublets, that is to say the R, , the L™, and
L* which coannihilate, mpyv = my, should be approxi-
mately 660 GeV if y; ~0. For a heavier m;,, a larger
Yukawa coupling constant y; is needed for a sufficient
(60) gecoupte ~ 3 x 10720 cm?®/s. For a lighter m;,, usually
the Q_h? is suppressed by the too large (6) gecouple- This can
be improved if the MSSM sleptons coannihilate with the
vectorlike sleptons. From Fig. 4, we can see that if the dark
matter coannihilates with all the MSSM slepton doublets
mpym can be as light as ~370 GeV. In the coannihilation
scenario, the effective cross section becomes [39]

ne.q ne-q

(Oeiv) = Z<6ijvij>n_éqn—éq?

ij

(22)

where i and j indicate the coannihilating particle content. If
(0ijvij) < (Ovir) (i # ), then (6rv) can be suppressed.
In this paper, the cross interactions between the vectorlike
sneutrinos and the MSSM sneutrinos can arise from the
exchanges of a t-channel Bino or Wino. Thus, heavier
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masses of the binos or winos lower the cross interactions and
hence lower the (o.v) effectively for the correct relic
density in the case of a lighter dark matter. Nevertheless,
we should note that the coannihilation scenario requires that
(0ijv;j) (i # j) cannot be too small to avoid the independent
annihilation of the different elements; in this case, the masses
of the Binos and Winos cannot be too heavy. As has been
mentioned before, we adopt the masses of the Binos and
Winos to be 2 TeV, which give rise to the cross interactions
plotted in Figs. 2, 3, and 4. Further modifying the model can
also reach the sufficient cross interactions. For example, in
the inverse seesaw model [40—44], the coupling constant y;
in the interaction terms y,L;H,N can be as large as O(0.1),
or we can introduce another heavy right-handed neutrino N’
as heavy as ~10'? GeV, and then the coupling constants y’,
v} in the interaction terms y;L;H,N’ and y; LH, N can be as
large as O(0.1) (For an example, see the discussions in
Appendix B of Ref. [45]). Both these scenarios result in
significant L"H,,H},L; terms to reach sufficient (o0 L0V L?)
in order to keep them “co”-annihilating.

As the mass of the dark matter rises up in each
coannihilation scenario, the y; is lifted in order to reach
the correct relic density. y; also contributes to the spin-
independent cross section of the dark matter with the
nucleons. Various experiments [46—52] have been carried
out in order to constrain the dark matter parameters. Among
them, we plot the most stringent bound from the LUX [47]
in all Figs. 1-4 in comparison with our predicted data. We
can see that, although y; increases as the dark matter mass
grows, the constraint line still runs forward the predicted
spin-independent cross section.

Finally, we are going to point out that in order to avoid
the Landau pole before the gauge coupling constants’
unification in a complete 5+ 5 model y, should be less
than 0.765. This eliminates much area in Figs. 14
when the masses of the dark matter particles are heavy.
On the other hand, in this situation, the y; does not make a
significant contribution to the SM-like Higgs mass, being
unable to relieve the little-hierarchy problem. However, if
we relax this condition, the corrections to the SM-like
Higgs mass are proportional to yf. If y, ~ 1, and then
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my, ~ mpy; 1S heavy, the Higgs mass can be raised effec-
tively, and we can reach a possible solution to the little-
hierarchy problem.

IV. CONCLUSIONS

In place of the MSSM sneutrinos, vectorlike sneutrinos
can play the role of dark matter. Compared with the MSSM
sneutrinos, the mass splitting between the real part and the
imaginary part of the vectorlike sneutrinos can be more
naturally acquired without the assumptions of large A terms
and do not bother the light neutrino masses. We have
calculated the relic density and the elastic scattering cross

PHYSICAL REVIEW D 93, 095006 (2016)

section with nucleons of the I,-like dark matter 7.
Coannihilating with the MSSM slepton doublets, the dark
matter can be as light as 370 GeV. The predicted cross
section with nucleons is also below the most stringent
experimental bounds from LUX.
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