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Singlet-doublet Dirac dark matter and neutrino masses
Diego Restrepo®” and Andrés Rivera®'
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Walter Tangarife®”

Department of Physics, Loyola University Chicago,
1032 West Sheridan Road, Chicago, Illinois 60660, USA

® (Received 3 July 2019; published 26 August 2019)

We examine an extension of the Standard Model that addresses the dark matter puzzle and generates
Dirac neutrino masses through the radiative seesaw mechanism. The new field content includes a scalar
field that plays an important role in setting the relic abundance of dark matter. We analyze the
phenomenology in the light of direct, indirect, and collider searches of dark matter. In this framework,
the dark matter candidate is a Dirac particle that is a mixture of new singlet-doublet fields with mass

X
Majorana dark matter scenario.

DOI: 10.1103/PhysRevD.100.035029

I. INTRODUCTION

There is substantial evidence that supports the existence of
dark matter (DM). Some of that evidence includes velocity
dispersion in clusters of galaxies [1] (see [2] for a recent
review), galaxy rotation curves [3,4], the cosmic microwave
background (CMB) [5], galaxy cluster collisions [6], and
weak and strong gravitational lensing [7,8]. Currently, it is
well established that DM makes up about 27% of the energy
density of the Universe, although its nature and properties
remain an open puzzle. N-body simulations of early structure
formation and CMB data suggest that DM is made up of cold,
collisionless particles [9]. In light of this indication, there has
been a vast exploration of candidates for DM during the last
few decades, but no detection experiment has been able to
find the DM particle. In addition to the DM problem, one of
the open issues in the Standard Model (SM) is the fact that
neutrinos have mass, which has been confirmed by neutrino-
oscillation experiments [10]. The DM problem and the
neutrino mass puzzle make clear the necessity of beyond-
the-Standard-Model physics.

In this article, we study these two puzzles within a simple
extension of the singlet-doublet Dirac dark matter (SD>M)
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mpy S 1.1 TeV. We find that the allowed parameter space of this model is broader than the well-known

model [11]. In singlet-doublet DM scenarios, a singlet and
a doublet fermionic field are added to the SM and a mixture
of such fields is a Majorana DM candidate [12-23]. In the
singlet-doublet Dirac dark matter model, the DM candidate
is a Dirac particle, which opens a vector portal to the SM
via the Z gauge boson, resulting in a richer phenomenol-
ogy. In general, this portal is not present in the singlet-
doublet DM model with Majorana fermions, which is a
generalization of the supersymmetric Higgsino-bino case
[19]. The SD*M model addresses the DM problem while
being consistent with indirect and direct experiments, as
studied in Ref. [11]. In addition, it can be tested in future
experiments such as LZ [24] and its low mass region could
be probed at the Large Hadron Collider (LHC). This simple
model, however, does not generate neutrino masses. Thus,
in this work, we enlarge this framework with a minimal set
of scalar singlet fields in order to explain Dirac masses of
SM neutrinos. These Dirac neutrino masses are generated at
one-loop level in a similar fashion as in the scotogenic class
of models introduced first in [25]. An additional feature of
this mechanism is the enhancement of the scalar portal that
is suppressed in the minimal framework of the SD’M
model studied in Ref. [11].

We describe our model in Sec. II. In Sec. III, we present
the generation of the neutrino masses. Section IV includes
the DM analysis and numerical results, and we close with
Conclusions.

II. DESCRIPTION OF THE MODEL

In this model, we extend the symmetry of the SM with
two discrete symmetries, Z, and Z). Z, stabilizes the DM

Published by the American Physical Society
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TABLE 1. Particle content of the model.

Leptons and

scalars fields (SU(2),.U(1)y) Z, DM) 2z, U(l)y_,
v (2,-1/2) + TR
L, =
’ ( I ) P
I (1,0) + + -1
H— (H*,LJ;)T (2,1/2) + + 0
S (1,0) + - 0
o; (1,0) - - 0
VL (1,0) - + -1
VR (1,0) - - -1
AL (2.-1/2) - - 1
*= ()
vy (1,0) + - -1

particle and 7/, forbids the generation of neutrino masses
via the seesaw mechanism at tree level [26,27]. All SM
particles are even under these discrete symmetries. This
model also includes the following additional fields: a real
scalar singlet § = (8° 4 vg)/+/2, two real scalar singlets o;
(which are needed to obtain a rank-2 neutrino mass matrix),
two chiral fermionic singlets y; and y, one Dirac SU(2)
vectorlike fermion W with hypercharge —1/2, and three
right-handed neutrinos v%. In addition, we assume that
global U(1)g_, is conserved and that the new fermions are
charged under this symmetry. A result of this assumption is
that Majorana mass terms are forbidden, leading to Dirac
neutrino masses. The particle content is also listed in
Table I.'

The most general Lagrangian, invariant under the sym-
metries mentioned above, contains the terms

LD -MyP¥Y -V(H,0;,5)
+ [hZiI:/}lPUi + WY URaO; + h RS
+h Y Hyyg +Hel, (1)

where h’s are Yukawa couplings, which we assume
to be real parameters for the sake of simplicity, and
H = io,H*. Notice that the vectorlike fermion ¥ can be
written in terms of two chiral doublets ¥; = (¥9,¥;)7

and (¥p) = (=(P%)", (P%)7)T with opposite hypercharge
[28], as shown in the Appendix.

'A different U(1),_, charge assignment, in radiative Dirac
neutrino mass models, was made in Ref. [28] for the case of
complex o;.

The scalar potential is given by

A . 1
V(H.0;.8) =~ H'H + 75 (H'H) + S mif o}

: A7 1
+ M HTHo? + 3’0? + Em%Sz

AS
+ /ISHI{TI'IS2 + ASO',-SZG% + 354 (2)

The condition that the potential is bounded from below is
fulfilled by imposing y> > 0, m2, > 0, m% > 0, together
with the copositivity of the potential [29], which yields
A >0, 2220, 23>0, (3)
AcH

2

) /'LSn
+ /2147 >0, %Jr A5 >0, -+ 2925 >0,
(4)

A/‘La/‘LS j';YH /IS j'SH 1o Af”i\//_l_
AT VA Ty VAT VA

+4/2 A?H+ AT ’15—"+ 2,25 &Jr 2925 ) >0
(5)

These conditions are trivially satisfied if we demand that all
A’s be positive.

A. Symmetry breaking and spectrum

The scalar potential (2) allows a vacuum expecta-
tion value (VEV) for the singlet scalar, (S) = vg/ V2, in
addition to the Higgs VEV, (H) = v/+/2. These VEVs are
given by the tadpole equations

o ov o 2 /111)3 /ISH 2
l‘H—<%)——//l U+T+TWS_O’ (6)

ov
ZS = || = mgUS—F}LSHUzUSdFiS’Ug :0, (7)
avs

which are used to eliminate the parameters u and mg. The
scalar spectrum contains the Z,-even scalars h°, S°, and
Z,-0dd scalars o;. In the basis (h°, S°), the mass matrix for
the Z,-even scalars is given by

2,1,2 3?
5 —p” +5V5ksy +% VVsAsy
my = ) (8)
Vol M4 32802 4 P
shsu 2 T v+

which is diagonalized by a unitary transformation

035029-2
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ZHm%ZHT = m%.diag’ (9)

such that

<h0>:ZH(h1>:<CO_Sa sina><h1>. (10)
50 h, —sina cosa /) \ h,

The lightest eigenstate, /4, is identified with the SM Higgs
boson, whereas the heavier one will be a heavy Higgs
boson not yet discovered at the LHC. The existence of a
second Higgs can be beneficial in order to stabilize the
metastable electroweak vacuum of the SM, as argued in
Ref. [30]. However, some constraints need to be taken into

account. The Higgs-boson mixing (10) generates the
effective interaction terms

hicosa + hysina

LD

v

X <2m%VW,jWﬂ— +m3Z,7V" — me]f>, (11)
!

which suppress the partial decay of /; to SM fields by the
factor ~ cos® a. Similarly, the heavier scalar /, could have a
decay width T'(h, — hih;) ~sin® a if it is kinematically
allowed. In addition, %, is constrained by the electroweak
oblique parameters since, for m;, > m,, , it has been shown
that [30]

3 .
Tz—msmzalog(mhz/2ll GCV), (12)
1,
Sw6—sm alog(m,, /81 GeV). (13)
T 2

Further constraints are provided by LEP and LHC searches
for Higgs-like scalars. For instance, processes such as
h; = yy, hy - ZZ, hy, - WW, etc., have been analyzed in
the literature [31-34]. As shown in Ref. [30], by combining
the experimental constraints and taking care of the vacuum
stability in the evolution of the renormalization group
equations up to the Planck scale, these observables and
constraints are under control if we demand a mixing
|sina| < 0.3, which has been taken into account in this
work. On the other hand, the Z,-odd scalar sector is
assumed to be already in the diagonal basis,

mgl + 1}2/1‘171[1 + U%xls"l 0
0 m2, + vzﬂng + 03257
(14)

While the lightest of these scalars could be a suitable
candidate for DM, in this work we focus instead on
fermionic DM. The scalar DM phenomenology is expected

to be rather similar to the one in the Majorana version for
both DM and neutrino masses [19,35]. Therefore, we will
assume the o; fields to be heavy (m, > 1 TeV) while
playing an important role only in the generation of neutrino
masses, as shown in the next section.

Regarding the Z,-odd fermionic sector, this model
contains one charged Dirac fermion W+ with mass My
and two neutral Dirac fermions, )(? (j = 1, 2). In the basis
Npi=(¥.wr), Ni=((¥R)", (wz)"), the fermionic
mass matrix is given by

Mo '
myo = ( HRE ), (15)
0 My

where My = h.vg/\/2 is the Dirac mass term for VLR
which results after the Z, symmetry breaking. This matrix
is diagonalized by the biunitary transformation

VimpU' = myy®, (16)

where the mass eigenstates, ;(? = (yr, )(je)j’ are defined by

cos@; sinf;\ /P
)(Lj:VjiNLi:( . )( L>,
—sinf; cosf 1753
cosOr  sinfg\ [/ (PY)T
Xij = UjiNg = ( : )( i }> (17)
—sinfp cosby (wr)

where 0, p are mixing angles. In this work, the lightest of
these Dirac fermions, )((1), is the candidate for the DM
particle. Notice our choice to parametrize the fermionic
sector using Mo, 1m0, 0;, and Oy, instead of My, h,., hy,
and vyg.

III. DIRAC NEUTRINO MASSES

In this framework, the scalars H and S acquire VEVs. As
aresult of this symmetry breaking, neutrinos get masses via
the five-dimensional effective operator

£ =~ 2L HugyS + He., (18)
which is generated at the one-loop level. The authors of
Ref. [36] have performed a systematic study of the one-
loop topologies that give rise to this 0perat0r.2 In our
specific scenario, Dirac neutrino masses arise from the one-
loop diagram shown in Fig. 1. In the limit of low neutrino
momentum, that diagram yields the mass matrix

’In particular, the model proposed in this work is similar to the
topology T1-2-A-I (¢ = 0) in Ref. [36]. However, in that case all
new fermions are vectorlike. Instead, we use chiral fermions with
fewer degrees of freedom.

035029-3
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S//

YR

FIG. 1. One-loop generation of Dirac neutrino masses. The
arrows represent the flow of U(1),_; charges.

4
‘1/} ZZ 167 ZJ2

ai 1, pi
X h$' hy m){?

i=1 j=
§ [mf(? ln(ml?) —m2 In(m2)
Z _ 2 ’
(m)(? mo’,)
2 .
= g x A x KL (19)

i=1

where A; is the loop factor, defined as

2 UjVp qu 1n(m§0) = mg, In(mz,)
Ai = Z J 21 X qu X |: ! jz ) :|’
— 161 i (my —mz)
J X '
2 2
Y &7 "
12 Xj Zj
P — | . 20
Z 1672 %) § [(mzo —mil_) n<m§>] (20)

In the last equation, we used the relation
2
Y mpUpVp =0, (21)
J

which is a consequence of Eqgs. (15) and (16).

We need to set the correct Yukawa couplings in the
Lagrangian (1) in order to reproduce the current neutrino
oscillation data to 3¢ [10]. That is, we need to invert the
problem and use the neutrino parameters to choose our
Yukawa couplings. This can be done by using the fact that,
in the basis where 1§ are mass eigenstates, the neutrino
mass matrix can be written as [37]

Map = (Upnns ) ap(m,) g, (22)
where Upyns 18 the Pontecorvo-Maki-Nakagawa-Sakata
matrix [38] and m, are the neutrino mass eigenvalues. It is
well known that current neutrino oscillation data allow for
normal or inverted ordering, m, < m,, <m, Or
myz < my, < m,,, respectively. In this work, we choose
the normal ordering. Using the Egs. (19) and (22), we

obtain 12 unknown parameters, hgi, h‘,ji , with 9 equations.

We can further simplify our analysis by imposing m,; = 0,
which allows us to set h} = 0, leaving the couplings A2
and Kl as free parameters. With these assumptions, we
obtain the following relations:

hli =0,
h23 = free
al 1 h?lzmﬂ Uoz2 - hgzmﬁ Ua3
A e )
a2 1 hzlmﬂ Ua2 - hglmﬁ Ua3
hy= = _A—2 W22 30 2132 : (23)

It is noteworthy that, with this choice of parameters, some
lepton-flavor-violation (LFV) processes such as y — ey are
suppressed since they are proportional to the 4l coupling.
However, other processes, like 7 — uy, are still allowed
with much lower experimental restrictions.

IV. DARK MATTER

In this work, the Dirac fermion »? is the DM candidate
while the scalars o; are chosen to be much heavier than )(5)
In this section, we discuss the main process that sets the
relic abundance of DM as well as the direct detection of
such a particle.

A. Dark matter relic density

In the class of models that we study in this article, )((1)
couples to the Higgs and to the Z boson through the
singlet-doublet mixing. This implies that the couplings of
the DM particle to the Z vector are largely constrained
by direct detection experiments, leading to a mostly
singlet DM candidate as seen numerically in the next
section. In Ref. [11], this fact restricted the allowed
parameter space to quasidegenerate mass eigenstates for
the fermionic fields and the DM abundance was determined
mainly through coannihilations. In our work, the presence
of the additional scalar S adds new annihilation channels,
opening up the range of masses for the fermions and
providing a richer phenomenology. Specifically, the
processes involved in the calculation of the DM relic
abundance include y%7,° — hyhy, 07,0 > WHW=, 07, >
27, pxF = fF At = [ At - AJZWE, and
y xT — WHW~. As explained in the next section, our
numerical analysis takes into account all these channels;
however, the most relevant process is ;((1))'(? — hyh,, which
gets contributions from the diagrams shown in Fig. 2.

The early thermal evolution of our DM candidate follows
the standard weakly interacting massive particle (WIMP)
freeze-out mechanism. In the initial state, the DM species
was in thermal equilibrium with the rest of the particles in
the Universe. As the Universe adiabatically cools down to a
temperature below the DM mass, the DM annihilation rate

035029-4
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0

X1
ha
X! %
7
hQ 7/ 0
- - X1
\
\
— 0 —
X1 hy S« xi’

hy
- 5 hy
X1 s
N 7
\\ 7
0 ,
X1 2N
s’
N
// S
hz =0 hQ\\
- - - X1

FIG. 2. Diagrams that contribute to the annihilation process y\y! — hyh,.

is overtaken by the expansion of the Universe, I' < H, and
a relic density of DM is frozen out. The current relic
abundance of DM is computed by solving the Boltzmann
equation, which yields [39]

4r’g., 8 - T
o, =2/ olm) Bty Ty
45  90Hj (ov) M3,

where (ov) is the thermally averaged annihilation cross
section, g,(m) is the effective number of degrees of
freedom at T = m, and xy = m/Tgeese—ou- The factor of
2 in front of the right-hand side of the equation above is due
to the fact that we have a Dirac particle and npy = n, + n;
[40]. The partial-wave expansion of the annihilation cross
section, (6v) ~ a + bv* + O(v*), leads to the well-known
expression

) 104 X 109Xf
Q,h 2 :
Mpi\/g.(m,)(a+3b/x;)

where h is today’s Hubble parameter in units of
100 km/s/Mpc. The y979 — hyh, annihilation cross sec-
tion has no s-wave contribution, which means that a = 0.
In order to achieve the measured relic density, Q){hz =
0.1200 4+ 0.0012 [5], the annihilation cross section is
required to be approximately (ov) ~3 x 10726 cm?®s~!.
For illustrative purposes, let us write the specific expression
for the cross section in the limit where DM is purely singlet,

(25)

0_ ‘/’e);
i (l//}e
(ovy VL= [ O0si) 05
O =
16zm;,  \16m; (u>—4)>

 hoAsivs(20— 1342+ 24 h3<9—8u2+2u4>> )
2V2m, (1242227 6(u*-2)? ’
= bo?, (26)

where y = m, /m;, < 1. The first term corresponds to the
s channel while the last one comes from the ¢ and u
channels and their interference. The second term results
from the interference between the s and the ¢, u channels

(see Fig. 2). In the next section, we present the numerical
results of this computation and the corresponding relic
abundance. Finally, let us mention that there is a clear
consequence of having p-wave annihilation of DM for
indirect-detection searches. Since 6v « v?, the annihilation
rate is suppressed by several orders of magnitude in the
low-velocity limit (today) compared to the value in the
early Universe, escaping the bounds from current indirect
searches, which require 6v <3 x 10720 cm3 s~

B. Direct detection of DM

As mentioned above, since yY couples to scalars
and the Z boson, there are direct and indirect detection
restrictions that can be imposed on this model. Regarding
elastic scattering of y) with nuclei, we have two different
contributions, the scalar/vector or spin-independent (SI)
interaction and the axial-vector or spin-dependent (SD)
interaction. It is noteworthy that in the SUSY analog
of the singlet-doublet model, i.e., the Higgsino-bino model,
the SI interaction is only due to the scalar portal. In that
case, the vector portal with the Z boson is closed since the
DM particles are Majorana fermions. However, in our
scenario, the SI interaction of DM with nucleons
contains both portals: a ¢ channel mediated by the Higgs
bosons /; and a r channel mediated by the Z gauge boson,
which correspond to the diagrams shown in Fig. 3.
We use the standard nucleon-form-factor formalism
to incorporate these processes into the WIMP-nucleon
amplitudes [41]. Given the interaction Lagrangian £3!, =
j'N.el/_/;(l//;(l//Nl//N + AN.(}‘/_/Z}MV/)(V/N}/#WN’ N = p.n, the scat-
tering cross section per nucleus is given by

X XY XY XY

1

Ly z

I
q q q q
FIG. 3. Sl-independent DM-nucleon interactions: scalar (left)

and vector (right) portals.

035029-5
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4 2
o =4 S Z(A=2))2, (27)

where u, =m,M,/(m, +M,) is the WIMP-nucleus
reduced mass; Z is the nucleus charge; A is the total
number of nucleons; and 4,, 4, are related to Ay ., Ay ,, as
we will show in the next paragraph. When implementing
experimental bounds, the relevant quantity is the scattering
cross section per nucleon, which is written as

2

o =it (28)
)(

where my is the nucleon mass.
Using the nucleon-quark operator formalism, 4, 4, are
found to be [41]

A, .t 1 m Z 14
__"pe p.o __ p 4q
Ap= 5 (g)ﬁ){]hk & vaq qo)
My, g=u.d
(29)
2 _ﬂrz,ei/lno
n— 2 g;(l;(]hk mh

q=u,d

HZ fq:l: Zqu qo)/z,
(30)

where the +(—) signs correspond to WIMP (anti-WIMP)
interaction; qup ~ qug = fny ~ 0.3 is the form factor
for the scalar interaction [42,43]; f N counts the number of
quarks u, d inside the nucleon (f},, = 2, f1, = 1, f1,

fva = 2); and 4, , are the vector form factors, which, in our
model, follow the relations

My(cos’0; +cos %) 1

f 0o — X —
qzu:d vela 2v M>
e

———————(1-4sin6%,), (31
X4Sin9W0059W( sin 6y) (31)

My (cos?0; + cosby) 1

2 ko ==

q=u,d Z

(=e)

—_— 32
4 sin Oy, cos By, (32)

In the above formulas, 6y, is the weak-mixing angle and
0, r are the mixing angles defined in Eq. (17). Therefore,
the total SI cross section can be written as

GIS\’I _6N9+0-N0’ (33)

where the vector SI cross section is given by (see [11,44])

2

G2m?
oN, = 4;45 (cos @2 + cos 6%)?

x [(1 = 4sin®0y)Z —

A-2)P7 (34

and the scalar SI cross section is given by

4 2
st SN (Tim | G\
o~ + , (35)
N.e 2 2 2
v m m
hy hy

with DM coupling to the Higgs fields written as

—i . .
9 on, = ﬁsm Or(hycos 0, Z8 + h.sin0, ZH,). (36)

In the model presented in Ref. [11], which is a limiting case
of our model and where the DM particle is mainly singlet,
direct detection bounds imply that the mixing angles 6,
need to be very small. In that case, the only way to achieve
the current value of the relic density of DM is via
coannihilations, forcing the neutral fermions to be quasi-
degenerate, My ~ M. In this work, however, that is not
the case because of the presence of the new scalar S, which
facilitates the depletion of DM during the early stages of the
Universe. This allows us to obtain the correct relic density
without coannihilations playing an important role, as we
will show numerically in the next section.

Finally, the axial-vector interaction of DM with nucleons
yields the SD scattering cross section, which has been
probed by several experiments such as XENONIT [45] and
LUX [46]. As we will see in Sec. IV C, the SD interactions
provide less stringent restrictions on our scenario than the
SI interactions.

C. Numerical results

In order to study the phenomenology of this model, we
have performed a random scan of the parameter space,
varying the free parameters as described in Table II. We
implemented the model in SARAH [47-51], coupled to the
SPheno [52,53] routines. In order to obtain the DM relic

TABLE II.  Scan range of the free parameters of our model. The
remaining parameters are obtained from the ones in this table. In
particular, 7' and h¢? are fixed by Eq. (23), resulting in the range
1078 < po' < 1.

Parameter Range
My (GeV) 10%-10*
m,, (GeV) 10°-2 % 10*
vs (GeV) 102-103
lhel, [hal 107°-3
AHO',-’ /15’ /'LSU,, j'SH’ A0 10—4_3
| R3] 1076-1

035029-6
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£ 10-
c
o
-
e
S
9]
c
< 2, )
L p-16] == Pandax-2017 7+ ol Vet LE0 e
\; —— XENON1T-2018 o ,*  “2%'s ° ° °
0n= - |7 %o o ... ° ‘

-19 T e . e
© 10 === DARWIN e e A .

NCS ° )
10-22 - ‘ e e o ‘
10! 102 103
m,o(GeV)

1022
1016 j
1010/

104.

s/
nolo3

10—2.

g

10—8.

10—14.

*  Not excluded by XENON1T

10—20 i i
10t 102 103
m,o(GeV)

FIG. 4. Left: The SI cross section (blue dots) and the current experimental constraints from XENONIT [56], PandaX [57], and
prospects from LZ [58] and DARWIN [59]. We also show the neutrino coherent scattering (NCS) [60,61]. Right: The grey dots show the
ratio between the scalar and vector SI cross sections. The red stars are those models that are below the XENONIT limit.

density, we used MicrOMEGASs 4 .2 .5 [54], which takes
into account all the possible channels contributing to the
relic density, mentioned in Sec. IVA, including special
processes such as coannihilations and resonances [55]. We
selected the models that fulfill the current value thz =
(0.120 £ 0.001) to 3¢ [5] and, at the same time, reproduce
the neutrino parameters described in Sec. III. For those
points, we computed the SI DM-nucleus scattering cross
section, shown in Eq. (33), and checked it against the
current experimental bounds of XENONIT [56], PandaX
[57], and prospect bounds of LZ [58] and DARWIN [59].
The results are shown in the left panel of Fig. 4. We
analyzed the vector and scalar SI cross sections separately
in order to discern the behavior of these two contributions
to the total SI cross section and we found that the vector
contribution dominates the region above the XENONIT
limit. Therefore, it needs to be suppressed in order to escape
the current bounds. The majority of models with a large
vector SI cross section are excluded; these correspond to
large mixing angles 0, g, as seen from Eq. (34). Thus, the
viable DM candidate needs to be mostly singlet in order to
suppress the Z-portal and fulfill the current direct detection
constraints. An analytic estimate tells us that this is
achieved by requiring cos@; x < 0.1. For illustrative pur-
poses, in the right panel of Fig. 4, we show the ratio
between the scalar and vector SI cross sections. The red
stars correspond to the viable models that are not excluded
by XENONIT. These models have a sizable scalar con-
tribution (o3, = aié) and low vector cross section
(o3, = 03}, except for some points that fall below the
blue line which have a dominant vector cross section while
escaping the direct detection (DD) bounds as analyzed
in Ref. [11].

In order to complete this analysis, we show in the left
panel of Fig. 5 the behavior of the WIMP-neutron spin-
dependent (SD) cross section for the points in the parameter

space that yield the expected value of the relic abundance
and reproduce the neutrino physics. We also show the
IceCube [62] limits on the W W~ channel (black solid
line) for DM annihilation at the sun, the limits from LUX
[46] (yellow solid line), the current and most restricted
limits from XENONIT [45] (green solid line), and the
expected sensitivities of LZ [58] (red dashed line) and
DARWIN [59] (magenta dotted line). As in the case
of the SI cross section, we can see that DARWIN [59]
could probe some region of the parameter space of this
model. Evidently, the points that are below the neutrino
floor could be confused with the neutrino scattering with
nucleons and they would need a special analysis that is
beyond the scope of this work.

Finally, in the right panel of Fig. 5, we show today’s
annihilation cross section times velocity, oo, which allows
us to look at indirect detection (ID) constraints. We used
MicrOMEGAS 4 .2 .5 to compute ov today for each point
of the scan. Notice that these results show the expected
suppression due to the p-wave nature of the DM annihi-
lation. Therefore, the indirect DM detection prospects
of this model are significantly low. For instance, the points
with o < 100 GeV could have a large branching ratio of

the annihilation channel )(?)(‘10 — bb, leading to DM
annihilation into bb signals from dwarf galaxies (dSphs)
[63]. However, as seen previously, those points are already
excluded by DD. Combining the direct and indirect
detection constraints, we conclude that all models with
mo < 65 GeV are excluded, except for the funnel region
due to resonances with the Z and the /; gauge bosons.
Following the analysis described above, we project the
scanned points on the My — My plane and show it in
Fig. 6. In the figure, the blue dots show the models that
yield the correct value of the relic density and reproduce the
neutrino parameters while the green-shaded region is
excluded by DD experiments. The pink shade shows the
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FIG. 6. My — My plane for the scan done in this work. The
blue dots give the correct relic abundance and reproduce the
neutrino parameters. The pink-shaded region corresponds to
overabundance or underabundance of DM. The green-shaded
region is excluded by DD experiments.

region where a larger, Q)(? > Qpy, or smaller, Q)(? < Qpms

relic density is obtained. Notice that, in our scenario, the
region that leads to the correct abundance is much wider
than in the Majorana fermion case [16,17,19,20] and the
original SD3M proposal [11], allowing the parameter My
up to 2 TeV as shown in the figure.

In general, for models with My > My, outside the
region where coannihilations are relevant, the relic density
is set through different channels in the early Universe. As
argued in Sec. IV A, the main process is )((1);(‘10 — hyh,. In
that case, we have checked that the expression shown
in Eq. (25) is in good agreement. Finally, in the coanni-
hilation region (My =~ M), the main contributions to the
relic density come from yy* — ff'(ve, ud, ...) mediated

by the W* boson, followed by y57,° — ff and y 3" — ff.
In this limit, processes involving the DM particle have a
negligible contribution to the relic density because they are
characterized by low Yukawa couplings as described
in Ref. [11].

Finally, regarding collider searches, this scenario can be
tested using the search for electroweak production of
charginos y* decaying in final states with two leptons
and missing transverse momentum in pp collisions at the
LHC [64]. Those analyses have been done in the context of
simplified SUSY models and can be recast in this analysis.
The observed limit rules out masses up to 120 GeV for )((1’,
with m - <420 GeV. However, in that case, the y* are
winolike particles with a production cross section that is
larger than in this model, where y* are Higgsino-like
particles [SU(2) doublet]. With this in mind, we estimate
that the low production rate decreases the values of M that
can be probed to My < 100 GeV, which makes it inap-
plicable to our allowed region of parameter space.
Nevertheless, a better analysis needs to be done in this
direction and we leave it for future work.

V. CONCLUSIONS

After several decades of model building and experimen-
tal search, the nature of DM is still unknown. Among the
many possible scenarios, a Dirac fermion is a viable
candidate within the singlet-doublet scenario SD*M [11].
In this paper, we have minimally extended that model in
order to generate Dirac neutrino masses via the radiative
seesaw mechanism. We have scanned the parameter space
requiring that the correct DM relic abundance and current
neutrino data be reproduced while being compatible with
direct detection experiments. We found a DM candidate
that is a Dirac fermion resulting from a mixture of new
singlet-doublet fields with mass 65 GeV < m 0 < 1.1 TeV.
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The inclusion of the new scalar S opens a new portal,
which, in association with the vector Z portal, contributes
to the SI cross section, widening the allowed parameter
space while opening up the testing prospects in future direct
detection experiments. Additionally, unlike in the original
SD*M proposal, coannihilations do not play a central role
in setting the relic abundance in our model. Regarding
indirect detection, this framework does not provide clear
prospective signatures since the annihilation cross section
is p-wave suppressed.
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APPENDIX: LAGRANGIAN IN TERMS
OF WEYL SPINORS

The Lagrangian in Eq. (1) can be written in terms of
chiral spinors as follows:

= —My(POW° + W) = My ((¥°) 7% + (¥7)Tro¥")

1 0

0 1 po
(0%
V]

Jre () ()]

— —My[(¥))TW) + ()" Wy + Hel

0
1

— My | (w1 (

> (\P‘i) +H.c.] — _My[(¥p) ¥, + Hel, (AD)

Yz

where the dot product represents the i, matrix and (¥g) = (—(¥3)", (P37, ¥, = (P9, ¥;)T are two chiral doublets of

SU(2) with opposite hypercharge. In the same way,

o - (HO)*
L: D) hleHl//R + H.c. = hd<lPO, lP_) _

Yo+ e, = RO (HO v = (47 Hoy + e

= hy[(wg) HY) — (wg) H"W, +He] = hy(yg) (H H°) <O _1) <T2> +H.c.

10 )\
= hy(yg)'H-¥, + H.c. (A2)
£ 1y Ly¥o; +Ho. = W' (v )j¥] + (1)) ¥r)o; + Hee. = W (%) (vr)y + (¥R) (er)p)o; + Hee.
; 0 -1 (vr) o
- hgl(_(lPE)T’ OP%T)( ) < L /j)ai +He. = hgl(lPR) “Lyo; + Hec. (A3)
10 (eL)ﬂ
LD hyrvgeo; + h gy, S +H.e. = hiyPrr,0; + hyPryS + Hee.
i 0 1 VR 0 1 0
= h¥ ; i a .+ h, , 'F‘( )( >S+H.C.
5 (wrowL) (1 O)( 0 )a (wr-w1) Lo "
= hgi(l//L)-;“VRao'i + hc(l//R)Tl,ULS + H.c. (A4)
Therefore, replacing Egs. (A1), (A2), (A3), and (A4) in Eq. (1), we obtain
LS —M\P[(‘?v) -¥; +He|-V(H,0,,S)
+ [hgi(\{l ) Lgoi + " (wp) wraoi + he(wr) WS + hy(wg) H - ¥, + H.cl). (A5)
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