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We study a left right (LR) extension of the Standard Model (SM) where the Dark Matter(DM) candidate
is composed of a set of fermionic Majorana triplets. The DM is stabilized by a remnant Z, symmetry from
the breaking of the LR group to the SM. Two simple scenarios where the DM particles plus a certain set of
extra fields lead to gauge coupling unification with a low LR scale are explored. The constraints from relic
density and predictions for direct detection are discussed for both scenarios. The first scenario with a
SU(2)y vectorlike fermion triplet contains a DM candidate which is almost unconstrained by current direct
detection experiments. The second scenario, with an additional SU(2), triplet, opens up a scalar portal
leading to direct detection constraints which are similar to collider limits for right gauge bosons. The DM
parameter space consistent with phenomenological requirements can also lead to successful gauge

coupling unification in a SO(10) setup.
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I. INTRODUCTION

To guarantee the stability of the dark matter, many
models postulate a discrete symmetry, usually a Z,, under
which the standard model particles are even, while the dark
matter is odd." Of course, from a theoretical point of view it
would be much more attractive if such a symmetry had a
deeper origin or at least some other phenomenological
consequences apart from stabilizing the DM. An example
for the former is a broken gauge symmetry. An example for
the latter are discrete family symmetries, in which the
stability of the DM is related to the generation of neutrino
masses [3,4].

One example of a discrete symmetry, which can emerge
from the spontaneous breaking of a gauge symmetry is matter
parity, Py, = (=1)*#=L). In SO(10) based models this
discrete symmetry can survive breaking of SO(10) and
stabilize the dark matter as has been shown in [5-7]. SO(10)
can be broken to the standard model group directly or in
different steps. Interestingly, one of the intermediate groups
that can arise from SO(10) is the left-right (LR) symmetric
group [8], SU(3), x SU(2), x SU(2)g x U(1)g_,. In the
minimal LR model, gauge coupling unification can be
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lRecently also Zs, ...Zy symmetries as the origin of the DM
stability have been discussed, see for example [1,2].
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achieved, if the LR scale is in the range of A =
10019-11) GeV [9]. However, for such a large scale, no
phenomenological effects of the LR symmetry can be seen
in DM—apart from the stabilization of the DM candidate
itself. However, it is possible to build models in which the LR
scale can be lowered to the electro-weak scale, without
destroying gauge coupling unification [10].

Such low-scale LR models can maintain an unbroken Z,
after symmetry breaking, if the field that breaks SU(2), x
U(1)g_, has even charge under (B — L) [11]. Different
models of this kind have been studied recently. For
example, the singlet component of a scalar 16 as a DM
candidate has been studied in [12]. Dark matter phenom-
enology in low-scale left-right symmetric models with
fermionic triplets (W13 and Wi3;9) has been studied in
[13] along with quintuplets (also studied in [14]) and in
[15] where also bidoublets (see also [16]), and scalar
doublets or septets are studied.’

Potentially realistic models containing the SO(10) 10
and 45 fermionic representations, from which a neutralino-
like mass matrix with arbitrary mixings can be obtained,
was discussed in [17]. A model with a fermionic (right-
handed) 5-plet was studied in [14]. Other examples in this
line of thought include asymmetric dark matter from

%A note on notation: We use the transformation properties/
charges of the fields under the LR and SM group to identify the

fields: Wsu(3), .5002),.502),.001)5,
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SO(10) [18], or right-handed neutrinos as DM in a “dark
left-right model,” stabilized by an extra symmetry S [19].
One can also explore different intermediate gauge groups
from SO(10) and their connection to DM models, as has
been done in [20]. Another example with right-handed
neutrinos as DM based on the group SU(3). x SU(2), x
SU(2)g x U(1)y, x U(1)y, can be found in [21,22].

Unlike many studies based on nonsupersymmetric left
right SM extensions where the DM is considered as a
single, unmixed state, as for example, a pure fermion
triplet, a bidoublet etc. [13,15], in this work we study some
models where the DM candidate is not necessarily a pure
state, but may instead be a mixture of two or more
multiplets, similar to neutralinos in supersymmetry. In
[17,23,24], some fermion mixed DM models composed
of combinations such as the singlet-triplet, singlet-
bidoublet, triplet-bidoublet were already studied. Here,
we consider a combination of SU(2) triplet-triplet fer-
mionic DM multiplets. Mixing between the fermions is
induced through the coupling to the triplet scalar Ap. A
similar model was studied in the context of the diphoton
excess in [25] for low values of the W3, @ P 5_, triplet
mass.

In this paper, we extend the generic left right model with
a certain set of fields, see next section, such that the gauge
couplings unify in the ballpark of mg =2 x 10! GeV.
The dark matter in our setup are the right-handed
fermionic triplets. We start with a very simple scenario,
denoted as Case I, with a DM candidate from a vectorlike
pair of fields, ¥,;3, and ¥;;3_,. A second scenario,
denoted as Case II, contains a mixed DM candidate build
from the above fields plus a W,;30. The addition of the
latter allows us to add a scalar portal interaction to the
model and a nonzero direct detection cross section oy
appears. Note that Case I arises from Case II as a specific
limit on the DM masses. We also check that both setups
can lead to successful gauge coupling unification and
calculate the parameter space allowed by proton decay
constraints.

The rest of this paper is organized as follows. In Sec. II
we start by recalling the basics of the minimal left right
model and SO(10) inspired unification. To have successful
unification of gauge couplings (GCU) and at the same time
a “low” LR scale (i.e., order TeV), requires additional
fields. We discuss a particular set of fields (“configuration”)
which gives the correct GCU and also fulfills some addi-
tional phenomenological requirements. We identify the
GUT parameter space and the region of DM candidate
masses where GCU and successful fermionic DM simulta-
neously arise in Sec. I B. In Sec. III we discuss the DM
phenomenology of our two simple cases of fermionic DM
in more detail. The relic density and direct detection cross
sections are calculated. Finally in Sec. IV we conclude with
a discussion of our results. Some technical aspects of our
work are presented in the appendix.
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II. MODEL FRAMEWORK

In this section we will briefly describe a nonSUSY left-
right symmetric scenario inspired by SO(10)-like gauge
coupling unification. As mentioned above, breaking the
U(1)p_, symmetry by a field with an even charge can leave
a remnant Z, symmetry in the model, which allows to
stabilize the DM. First, let us consider possible DM
candidates. Considering multiplets of up to 144 represen-
tations, see Appendix, we can find several scalar and
fermionic candidates. First note that scalar candidates need
to be odd with respect to (B — L), because all standard
scalars are even. Thus, scalar candidates can be found in the
16 or the 144. Fermionic DM candidates, on the other hand,
have to be (B — L) even, since all SM fermions are odd
under (B — L). Thus, possible candidates can be found in
the 1, 10, 45, --- 126. In our numerical study, we will
concentrate on the DM candidates found in the 45 (W,3()
and 126/126 (¥,,3,/¥;,3_,) multiplets. We will study two
cases, denoted as Case I and Case II. In Case I, the DM is
taken to be the neutral component of the vectorlike pair
which belongs to the SO(10) representations W13,/ 13_5-
This scenario is very minimal in the sense that it has only
one additional new parameter, which corresponds to the
bare mass term of the vectorlike pair and also gives a zero
spin-independent (SI) DM-nucleon cross section at tree
level, as will be discussed in the next section. In Case II, we
add to the above fermion vectorlike pair an extra SU(2),
fermionic triplet which belongs to the 45 representation,
i.e., W 130. In this case, new terms, can be added to the
Lagrangian, mixing the different neutral components in
W13/ % 13-, and ¥;,39. A nonzero SI DM-nucleon cross
section results. As expected, the Case I is recovered in the
limit where the DM particles are unmixed states and W3
is decoupled.

Although our numerical calculations are done in a left-
right symmetric model, the underlying theory at higher
energies should be unifiable into SO(10). We thus consider
constraints arising from gauge coupling unification. For
this, we consider a simple configuration of fields which
contains our DM candidates, but adds a few more fields,
such that the gauge couplings unify correctly at a m scale
allowed by proton decay. We then discuss the allowed GUT
parameter space of this setup.

A. Left-Right scalar sector

The first stage of the symmetry breaking SO(10) - LR
arises when a scalar field belonging to the 54 of SO(10)
representation acquires a vacuum expectation value (vev).
Although our analysis is inspired by such a SO(10)
unification, we do not concern ourselves in detail with
this first step. The second step is to break the LR group to
the SM, which is then broken to U(1)g),. In the minimal
LR scenario, the scalar sector consists of only two
multiplets: a bidoublet ®,,,,, needed to give the correct
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masses to the electroweak vector bosons and SM charged
fermions, and a scalar triplet Ap = ®;;3_,, which
breaks the LR group to the SM one. The neutral and
charged components of these multiples can be written

as [26]:
o <<I>? d>z+>
o af)’ Ay —aj/V2
(1)

It is assumed that the neutral components of these fields
acquire vevs:

=4 ) w=(, ) e

The parameters v, , are real and positive. For more details
on left-right symmetry and gauge boson masses see [27]. In
our analysis, we do not assume an exact LR symmetry, i.e.,
g1 # gr, see below.

AF(M/ﬁ AR )

B. Gauge coupling unification constraints

In this subsection, we will discuss briefly gauge coupling
unification (GCU) and the possible constraints on the
parameter space of LR dark matter models. As is well
known [9], the minimal LR model can lead to GCU only if
the LR scale is of the order of 10'°~!" GeV. In order to
lower this scale to a phenomenologically interesting range,
additional particles need to be added to the minimal model.
We will use the results of [10]. Essentially, we require the
following two conditions to be fulfilled:

(1) Perturbative unification: This implies that the gauge
couplings unify with a value of a in the perturba-
tive regime. Since our simple calculation does not
consider GUT-scale thresholds, we are not neces-
sarily imposing an exact unification of the gauge
couplings at the GUT scale (m). Rather, we allow
for a difference of the gauge couplings at mg
falling into a “small nonunification triangle,” i.e:
a3(mG) - (Xz(l’nG) S 0.9 [28,29]

(ii) Proton decay: In nonsupersymmetric SO(10) GUT
models, the primary mode of proton decay is
p — n'et. We consider the model valid if, in all
the parameter space, it fulfills the constraint from
proton decay 7, ,+ 2 10** years [30,31]. The
gauge d = 6 operator associated to this decay leads
a GUT scale of m(; ~ 1, 0,+agm;,. The current

value of 7,,_, 0.+ yrs. sets a lower limit on the GUT
scale of the order of mg = 5 x 10" GeV.

An extra set of fields added at an intermediate LR scale,
denoted here as M ~ vg, gives new contributions to the
p-coefficients of the gauge couplings. Many solutions that
achieve GCU exist [10], but all of them require to add
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particles which transform non-trivially under color. For the
numerical study we choose the following set of fields:

SM + @559 + Py13-
+ W30 + Pris + s
+ Pi310 + Wi + aoiot + Pyino. (3)

The scalar bidoublet @5, and the scalar triplet ®,,5_, are
needed to achieve the correct symmetry breaking pattern.
The particles in the 2nd line are our dark matter candidates.
In principle, also W3¢ could be a dark matter candidate.
Left right DM models with W31 and W3¢ as possible DM
candidates and my ,  ~ my  have already been studied in
the literature [13]. For the case of my # my, ., the
smaller of the two will determine the character of the DM.
If W13, is the lighter, results of [13] will qualitatively still
apply. We do not cover the mixed case with W3, having a
small component of W3¢ in detail, because the phenom-
enology will interpolate between these results. Here in this
work, we show that a left triplet W3, being heavier than
W39 would not spoil GCU.

The remaining colored fields are added to bring the
prediction of ag in agreement with experimental data. Note
that all the extra fermionic fields can have vectorlike
masses. The evolution of the gauge couplings, explained
in detail in Appendix B, corresponding to this configuration
of fields is shown in Fig. 1. There, all of the new particle
content, including the DM, is added at the scale
M;r =2 TeV. Although “exact parity” (g; = ggr) Sym-
metry is required in many constructions of LR models, this
is not a mandatory requirement for LR model building. In
particular, our model does not have g; = g at the scale
where the LR symmetry is broken. Only for the sake of
simplicity, we have chosen the number of fields in our
configuration as small as possible. Models with exact parity
(and a correspondingly larger set of fields) could easily be
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FIG. 1. Evolution of the gauge couplings for the configuration

of fields described by Eq. (3), with Mz =2 TeV. All new
particle thresholds are added at My in this example.
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FIG. 2. Allowed GUT parameter space passing the conditions (i)—(ii). The scenarios (a) (left) and (b) (right) are discussed in the text.

constructed, without any fundamental changes in the
phenomenology we discuss here.

An interesting question to ask is whether the requirement
of correct GCU allows us to constrain the mass scales of the
model. Since the new fermions can all have vectorlike
masses, not necessarily related to the symmetry breaking
scale M, we will consider two simple scenarios:
(a) Adding all of the fields, including the fermion DM
particles W3, W13, and ¥,,5_, at the scale Mg, while
the left triplet W5, is added at some scale of new physics
denoted as Myp. The resulting parameter space in the plane
spanned by My and Myp is shown in the left panel of
Fig. 2. And scenario (b): only the scalar fields ®;,,, and
@3, are added at the scale M while all the other
fermions—including DM—are added at the Myp scale. The
parameter space corresponding to this case is shown in the
right panel of Fig. 2.

In both cases, the figures show contour lines for the size
of the “nonunification triangle,” i.e., A(a~!(mg)) as a
function of the new physics scales. As the figure to the left
shows, in case (a) unification improves for low values of
both Myp and M|y and values below A(a~!(mg)) < 0.1
requires the LR scale to be around 1 TeV. For this scenario,
the LR symmetry breaking scale should be roughly below
20 TeV for A(a~!(mg)) < 0.9. However, if we allow all
new fermions to have masses larger than Mg, case (b), no
upper limit on My can be inferred from this analysis, as
the figure on the right shows. Note, however, that Myp has
to be larger than M for good GCU to be maintained.
Therefore for this case, constraints from the relic density
provide interesting upper limits, as we will discuss in the
next section.

III. FERMIONIC DARK MATTER

As a first step, we add to our LR minimal setup the two
additional fermionic triplets W13, © Y13, Wwhich

represents a vectorlike pair of Majorana DM. This scenario,
which corresponds to a simple and unmixed DM case, is
denoted here as Case I. Considering that, in this scenario
the vectorlike DM has zero hypercharge, the SI DM-
nucleon cross section, oy, is expected to be zero at tree
level. As a second step, an extra fermionic triplet W3 is
included to complete a scenario of mixed fermion Dark
Matter in which, although the DM has hypercharge zero, a
scalar portal interaction of the DM through the interaction
of the DM with the Ay generates a nonzero o.

All the numerical calculations of the next sections where
implemented using SARAH [32-34] (based on the LR
implementation in [35]) which generates the necessary
subroutines used subsequently by SPHENO [36,37]. The
calculation of the relic density and the relevant cross sections
is done by MicrOMEGAs [38], solving the Boltzman equation
numerically through CalcHEP [39] output of SARAH. The scans
were done using the SSP MATHEMATICA package [40].

A. Case I

In this benchmark scenario we introduced two Weyl
fermions W3, and W;13_, which can be parametrized as:

\p+/\/§ Pt
T””_( 0 —\P+/ﬂ>’
i} (Y2 Po
o= () ) @

Note that, due to the quantum numbers and the chosen
transformation properties of ¥, 3, and ¥,,3_, under the LR
gauge symmetry, the most general renormalizable
Lagrangian contains only the following mass term
as a new parameter: L D M3 Tr(¥,3,¥ 13_2). M3 corre-
sponds to the tree-level mass of the different W3, and
¥,,5_, components. The absence of any interaction term
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FIG. 3.

mediating the decay of the DM particles into the SM
particles guarantees that the lightest component of these
triplets is accidentally stable and thus represents a DM
candidate. In this scenario, the resulting relic density
abundance Qh? depends not only on the DM mass, related
directly by M3, but also on the value of vy, via the mass of
Zr and Wp. By construction, in this setup the only
interactions affecting the relic density abundance are the
gauge interactions. When the mass splitting between
the dark matter candidate and the charged components
of the triplet are small, coannihilation effects need also to
be included. This is done automatically in MicrOMEGAs. The
most important annihilation and coannihilation processes
contributing to the relic density are described in Fig. 3.

The resulting Qh? as a function of the DM mass, for
different values of vz =2, 5, 10 TeV, is shown in Fig. 4.
The current bound provided by Planck [41]:

10' g
100% aQ /
10_1; obs /—\
% 102 \/
S| 10
103

—  vg=2x103 GeV

1074 7 —  vg=5x10% GeV
N —  vg=10% GeV
1073 —— Y
10? 103 10*
Mpm[GeV]
FIG. 4. Relic density Qh? as a function of mpy for different

values of vp.

Some of the Feynman diagrams for dark matter (co)annihilations determining the relic abundance of DM.

Qh% = 0.1199 + 0.0027, (5)

gives important restrictions on the parameter space of our
model. As expected, there is a strong dependence of the
relic density on My, and M, which appear due to the (co-)
annihilation channels involving Wy and Zj. The dips in the
figure around Mpy = My, /2 and Mpy =My, /2 corre-
spond to the W and the Zy resonances respectively. As one
can see, for each value of vg, the coannihilation effects are
most important for the region where the DM mass is below
the first resonance, i.e., Mpy < My, /2. On the other hand,
for values of Mpy, above the second resonance, the
annihilation effects become less important and the relic
density increases. The most important contributions to the
relic density come from the channels YW — Wy, P9 —
qg and YW — W; W5 via the exchange of ¥, Wy and Z

5x104

2x10*
104
5x103

My, [GeV]

2x10%
103
5x102

| | |
2x103  4x103 104

Mpm[GeV]

|
103

FIG. 5. Allowed values of Mpy vs M, when the DM relic
density is in the 3o-range of the relic density in Eq. (5). The
dashed line shows the lower limit on M, imposed by CMS
Collaboration [42].
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FIG. 6. Direct detection cross section for vy = 6 TeV and M;; = 50 TeV. The color variation of 1 is the same for both plots.

respectively. Note that for Mpy; 2 2 TeV, the correct relic
density can be obtained only if Mpy < My, Myz,.

Now, if instead of fixing vk, we let this scale as a free
parameter in the range of 0.5 < vg/TeV < 50, the allowed
region imposed by Planck in the plane spanned by the DM
mass Mpy and the Z; mass M, is shown in Fig. 5. As we
can appreciate, there is a region of points which is associated
with the Z and W resonances for M, 2 7 TeV. For the
lowest values of Mpy, only large values of M, are allowed,
for example, for Mpy = 700 GeV, M, = [7,40] TeV. As
observed also from Fig. 4, for larger values of M , larger
values of Mpy, are allowed. Importantly, values of Mpy =
10 TeV are ruled out by the bound given in Eq. (5). In
addition, the current LHC limit of approximately M, 2
3 TeV [42], based on the first few tb~! of the 2016 data set,
excludes part of the otherwise allowed range of My in the
region of Mpy =2 TeV. We expect that the updated
analysis of the full /s = 13 TeV data set will increase this
limit towards M, 2 5 TeV.

As mentioned before, due to the fact that in this simple
scenario our DM is a Majorana particle with hypercharge
zero, there is no direct Z-exchange and we have a zero tree-
level 63!, Due to this fact, this scenario is nearly entirely
unconstrained by direct detection experiments. However, as
will be described in the next section, adding an extra
fermionic field to the DM setup, opens a LR scalar portal
and then a nonvanishing o3 arises.

B. Case 11

In this scenario we introduce an extra Weyl fermion,
W30 in addition to the DM setup described in Case I. As in
the previous scenario, due the absence of any interaction
terms mediating the decay of W, 3, into the SM particles,
the lightest component of this triplet is accidentally stable
and hence can be a DM candidate. A mixture of the neutral
components of the fields ¥;130 ® W13 ® P15, is the
DM. The relevant mass terms and interactions of the new
fields, including the scalar portal, are given by:

LD M Tr(¥i130¥1130) + Moz Tr(W13¥115-2)
+ 113Tr(AR‘i’113—2‘P1130) + llzTr(AjelPan’um)»
(6)

where M, is the tree-level mass of the components of the
triplet W, ;30. The LR scalar “portal” is given by the
interactions of the new field W, 3o with the scalar boson
Ag. These interactions are proportional to the A;3 and 4;,
Yukawa couplings. Depending on the choice of these
Yukawa parameters, the direct detection nucleon cross
section, o3, will or will not be different from zero. We

define
A3 I
tany ==, A= \/A{y + A5 (7)

12

To illustrate the dependence of the direct detection
Cross section, o,svl, on these parameters, we choose a point
witha vy = 6 TeV and M;; = 50 TeV. We then scan over
the other parameters as illustrated in Fig 6, with
2.7 < M,3/TeV < 3.1. We can see that 63 is proportional
to A. As illustrated in the left panel of Fig. 6, there is a blind
spot3 for positive values of tany at tany = 1. This is
expected, since for decoupled M, the mixing with the
scalar is proportional to M,3sin2y — Mpy, Wwith
Mpy = M3. Note that values for |tany| > 1 are equivalent
to the values with |tany| < 1. In what follows we only
consider the region |tany| > 1. In the right panel of Fig. 6,
we show explicitly the dependence of o3 with My for the
same color range of 4. There, we include only points well
outside the blind spot with tany > 5. Note that it is
sufficient that only one of the Yukawa couplings 4, or
13 is different from zero to obtain a nonvanishing o3’. In
our scans, we choose the Yukawa couplings 1;, and 4,5 to

The blind spot corresponds to the zone in the parameter space
where the coupling between the DM and the scalar sector is zero,
leading to a vanishing direct detection cross section.

095034-6



FERMIONIC TRIPLET DARK MATTER IN AN SO(10)- ...

Ma3(M11)=103 GeV, A=0.14, tany=-1

10—7 L

10—9 L

a*'[pb]

10—11 L
M1 (Ma3) = 2x103 GeV
10—13 [—  Mj1(M23)= 5x10% GeV
—  Mj1(Ma3) = 104 GeV

—  Mj1(Ma3) = 5x10* Gev

2000

-15 ‘ ‘
10 4000 6000

Mzr[GeV]

8000

FIG. 7. Direct detection rate vs Mz, for M3, M| = 10° GeV
and different values of M, and M,; respectively

be small, in the ballpark (4;,,4;3 <0.1). Since the RGEs
for A are proportional to the 1’s themselves, we expect that
also a the GUT scale these couplings remain perturbative,
1.e: (ﬂ]z(mG),llg(mG)) < 4dr.

In Fig. 7 o3 is shown as a function of M, for different
values of Mp)y;, without imposing the constraint from the
proper relic density. The curves correspond to different
choices of M; (M,;) for fixed values of M,; =1 TeV

PHYSICAL REVIEW D 95, 095034 (2017)

(My; =1TeV), tany = —1, and 1 = 0.14. As expected,
o*]S\,I decrease as M;; (M,3;) increase, recovering back the
simplest Case I when M, is sufficiently high.

The allowed parameter space restricted by the relic
density Planck bound Eq. (5), in the plane spanned by
Mpy and Mz, is shown in the upper panel of Fig. 8
for a specific choice of the parameters: vg:[2,50] TeV,
My;:[0.2,50] TeV, M;;:50 TeV, tany=-1 and
A = 0.14. The scan includes the case M,3 << M, approach-
ing then the simple DM scenario described in Case I, where
oy is zero. Hence the similarity between both plots. Note
however that the mixing opens up the window of small DM
masses when M, < My3;. Moreover, the region of low M,
corresponding to the green points in the plot, are excluded by
the spin-independent elastic DM-nucleon direct detection
constraints from LUX-2016 bound [43].

The numerical results for this constraints are shown
explicitly in the lower panel of Fig. 8 as a function of Mpy
(left) and M, (right). From the left down panel, we can
appreciate that the LUX-2016 bound on o3, is above
almost all the points in the plane spanned by 65" and Mpy,
allowing DM into the range Mpy; ~ [0.1, 10] TeV, except
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FIG. 8.

Allowed parameter space for vy : [2,50] TeV, M,3:[0.2,50] TeV, M;:50 TeV, tany = —1, and A = 0.14. The green points in

the upper panel correspond to the Mpy and Mz, masses excluded by the LUX bounds.

095034-7



ARBELAEZ, HIRSCH, and RESTREPO

for one small window around Mpy ~ 2 TeV. From the
down right panel we can also observe that the LUX-2016
bound significantly cuts the parameter space for low M,
and allows only Z masses larger than about M, ~ 1 TeV.
Future limits from direct detection might lead to constraints
that are competitive with the collider’s limits for this
scenario. It is expected that the projected values for
XENON [44,45] impose more stringent constraints in the
values of Mpy and My, . It is worth noting that the M,
current limit given by the LHC [46] Mz, > [2.6 — 3.5] TeV,
depending on the Z couplings (i.e., the values of gz and
gp—1., makes this scenario consistent with the relic density
constraints and the XENON100 and the LUX bounds.

The allowed values of the DM restricted by direct
detection analysis are in perfectly agreement with range
of DM masses which fulfill all the GUT phenomenological
requirements, presented in Sec. II B.

IV. CONCLUSIONS

We explored simple left right scenarios with a dark
matter candidate as a mixed state of fermionic SU(2)g
triplets. Such models, denoted as Case I and Case II,
correspond to combinations of triplet-triplet and triplet-
triplet-triplet DM candidates respectively, not explored in
the literature for a wide range of DM masses. Acceptable
relic abundance, imposed by the Planck bound, is obtained
for a wide range of masses in each of the models. Due to the
Majorana nature of the DM and the absence of VV
interactions, a vanishing tree-level cross section o3 is
obtained in Case I. This model is less constrained than
models with left right triplet-triplet DM candidates [13,15].
A nonzero o5 # 0 appears in Case II through the inter-
actions with the LR scalar sector. The direct detection
parameter space in Case II is constrained by the bounds
imposed by the LUX-2016 results in a competitive way
with collider constraints. More stringent constraints are
expected from future experiments such as XENONIT. The
unification of the gauge couplings through the SO(10)-LR
channel SU(3) xSU(2), x SU(2)g x U(2)p_, is achieved
in our model, by requiring some additional fermionic fields
up to the SM and DM setup. Part of the parameter space
allowed by the DM bounds is perfectly compatible with the

PHYSICAL REVIEW D 95, 095034 (2017)

parameter space which fulfill all the GUT phenomenologi-
cal constraints.
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APPENDIX A

Under SO(10), awhole family of SM quarks and fermions
belongs to the 16 representation which is 3(B — L) odd. On
the other hand, the SM Higgs, which belong to the 10 SO(10)
representation is even. As a result, if all the fields breaking
U(1)g_, and SO(10) are 3(B — L) even, a Z, symmetry will
remain unbroken. This lead two possible stable DM candi-
dates: scalar DM which has to belong to a SO(10) repre-
sentation odd under 3(B — L), because all the other scalar
particle combinations it couples to, or decays to, are even. On
the other hand, DM could be a fermion if it belongs to
SO(10) representation even under 3(B — L), because all the
other fermion combination it couples to or decays to are odd
[47]. Considering also that DM must be colorless and
electrically neutral, the different possibilities of scalar and
fermionic DM candidates under SO(10) are depicted in
Table L.

APPENDIX B

The equation for the running of the inverse gauge
couplings at 1-loop level can be written as:

b
o' (1) = ;' (ty) + 5=

o (B1)

(t=1)

where t; =log(m;), as usual. The effective one-loop
P—RGE coefficients are given by:

TABLE 1. Different dark matter candidates coming from SO(10) representations up to 126.

SO(10) 16 144 10 45 54 120 126 126
SU(3), 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1
SU(2), 1 2 2 1 3 2 2 1 1 1 3 1 3 2 2 3 1 1
SU(2)x 2 1 1 2 2 3 2 1 3 1 1 1 3 2 2 1 3 3
U(l)g_, -1 1 1 -1 -1 1 0 0 0 0 0 0 0 0 0 -2 2 -2
U(l), 0 —% —% 0 0 —% —% 0 0 0 0 0 -1 —% —% -1 0 0
Scalar DM v oV v v o ov oV

Fermion DM v v v v v v v Y v v v Y
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FERMIONIC TRIPLET DARK MATTER IN AN SO(10)- ...
(B3M, B5M, DM = (=7,-19/6,41/10) (B2)

(BSM, B3M. b™M)
= (—7.-3.-3.4) + (AbLR, ADKR. AbER ADLK )
(B3)
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and the (B-L) charges are written in the canonical nor-
malization. The contributions from the additional scalar
and fermionic fields in the regime: [mg,mg], not
accounted for in the SM are given by:

(AbR, ADER, ABER, ADER | ) = (10/3,10/3,14/3,47/6)
(B4)
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