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Scalar dark matter, GUT baryogenesis, and radiative neutrino mass
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We investigate an interesting correlation among dark matter phenomenology, neutrino mass generation
and grand unified theory (GUT) baryogenesis, based on the scotogenic model. The model contains
additional right-handed neutrinos N and a second Higgs doublet @, both of which are odd under an
imposed Z, symmetry. The neutral component of @, i.e. the lightest of the Z,-odd particles, is the dark
matter candidate. Due to a Yukawa coupling involving ®, N and the standard model leptons, the lepton
asymmetry is converted into the dark matter asymmetry so that a nonvanishing B — L asymmetry can arise
from (B — L)-conserving GUT baryogenesis, leading to a nonzero baryon asymmetry after the sphalerons
decouple. On the other hand, ® can also generate neutrino masses radiatively. In other words, the existence
of @ as the dark matter candidate resuscitates GUT baryogenesis and realizes neutrino masses.
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I. INTRODUCTION

The origin of the observed baryon asymmetry can not be
accounted for within the standard model (SM) and is one of
the unresolved issues in particle physics and cosmology.
The simplest grand unified theory (GUT) based on the
SU(5) model, proposed by Georgi and Glashow in 1974
[1], features leptoquark gauge bosons which do mediate
baryon number violating processes, leading to proton
decay. The model, however, conserves the difference
between the baryon and lepton number B — L. In other
words, any generation of a baryon asymmetry from heavy
gauge or Higgs boson decays, as discussed in Refs. [2-5],
comes with an equal amount of lepton asymmetry. These
baryon and lepton asymmetries, however, will be washed
out completely by nonperturbative sphaleron processes
[6-8], which come into thermal equilibrium when the
temperature of the universe drops roughly below
10'2 GeV. The B — L symmetry conservation also exists
in larger symmetry groups, such as SO(10), where the
abelian U(1)z_; is a subgroup. Therefore, as long as
U(1)gz_; is not broken when a baryon asymmetry is
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created, i.e., initially B+ L #0 but B—L =0, such a
baryon asymmetry will not survive the sphaleron processes.

In principle, there are at least two ways to revive GUT
baryogenesis. First, nonzero B — L can still be realized in
certain matter representations under SO(10) or larger
groups as demonstrated, for instance, in Refs [9-14].
Second, Fukugita and Yanagida [15] (and a recent update,
Ref. [16]) have proposed to include right-handed neutrinos
to resuscitate GUT baryogenesis, where the right-handed
neutrino N can be embedded into SU(5) as a singlet or into the
16 of SO(10). A Majorana mass of N, which can arise from
the spontaneous symmetry breaking of L via the vacuum
expectation value of a scalar or can simply be imposed by
hand, explicitly violates the original B — L symmetry.

In this paper, we revisit and extend the idea of Fukugita
and Yanagida [15] in the context of the scotogenic model
[17]. In this model, a second scalar SU(2), doublet ® is
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FIG. 1. Neutrino mass generation in the scotogenic model.
Here, y' is the Yukawa coupling and A denotes the quartic
coupling between the Higgs (H) and the second doublet (D).
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FIG. 2. N-mediated lepton number violating processes which transfer a L asymmetry into that of DM (®).

introduced which radiatively generates neutrino masses as
shown in Fig. 1. At the same time, the neutral component of
the doublet is a suitable dark matter (DM) candidate
because of an imposed Z, symmetry.

In that both @ and right-handed neutrinos N are Z,-odd,
the type-I seesaw Yukawa coupling yZHN is forbidden
(¢: SM lepton doublet) but a new Yukawa coupling y'/®N
is allowed, which induces a washout of lepton number. As
illustrated in Fig. 2, the change of the lepton number is
accompanied by a change of the ® number, AL = A®. In
other words, the L asymmetry is transferred into a DM
asymmetry. Moreover, part of the DM asymmetry further
shifts to an asymmetry of the Higgs doublet (note that both
doublets are equally charged under the SM gauge groups)
because of the ® — H interactions: ®*H <> ®H* and
OHdH) « HHYH®  1In this scenario, the L asymmetry
can be maximally reduced down to one third of the initial
value (instead of one-half in the case without ® where only
the yZHN coupling exists [15,16]) since ® and H share the
asymmetry. That is, the resulting final B — L asymmetry
can be maximally one third of the initial B 4+ L asymmetry
generated by GUT baryogenesis. Taking into account the
top (bottom) Yukawa coupling, which is in thermal
equilibrium for temperatures 7 < 10'°(10'%) GeV, the H
asymmetry will be transferred into quarks, leading to a
larger lepton number washout. See Ref. [16] for more
details.

Note that there exist many models that realize radiative
neutrino masses and DM with discrete symmetries. It has
been shown [18] in some of these models including the
scotogenic model, the dark parity, used to protect the DM
stability, is actually related to lepton number L as (—1)£+2/,
where j is the particle spin. In other words, L and the
DM parity are correlated and that is the reason why the
lepton asymmetry is converted into the DM asymmetry in
this work.

If DM decouples from the thermal bath before the
electroweak phase transition (EWPT), the DM asymmetry
will be transformed back to H via the process ®H* <
®*H, which has only a single power of Boltzmann
suppression and is very efficient compared to the doubly
Boltzmann-suppressed annihilation channels ®®* < HH*
and ®HdH) «» HHH™  This conversion will slightly
increase the final baryon asymmetry because the Yukawa
couplings and the sphalerons will redistribute the asym-
metries among quarks, leptons and Higgs bosons. Note that

after the EWPT, the asymmetry for the real part of the
neutral component H° will vanish because of the Higgs
vacuum expectation value [19], whereas the remaining
degrees of freedom of H will become the longitudinal
component of W* and Z. Similarly, the ®° (neutral
components of @) asymmetry will also vanish after the
EWPT due to the efficient ® — H interactions' while the
®* (charged components) asymmetry will move to W=.
The final B and L asymmetries will stay unchanged since
the sphalerons become ineffective after the EWPT. Figure 3
elucidates the asymmetry transformation as a function of
time. On the other hand, the DM relic abundance is mainly
determined by the Higgs-DM couplings for TeV DM (such
that DM freezes out prior to the EWPT) as shown in Fig. 4.

Note that the scotogenic model alone can generate the
baryon asymmetry, apart from realizing neutrino masses
and accommodating DM candidates, via heavy neutrino
decays as first pointed out by Ref. [20] and followed by
more detailed studies [21-24]. The subject has been further
developed recently—Ref. [25] which attains low-scale
leptogenesis without any degeneracy in the right-handed
neutrino mass spectrum and Ref. [26] which features the
KeV right-handed neutrino as a DM candidate. In this
work, we instead focus on the L washout effects induced by
the heavy neutrinos, and assume the new Yukawa coupling
is CP-conserving. In other words, the right-handed neu-
trino decays equally into leptons and antileptons.2

This paper is organized as follows. In Sec. II, we briefly
review the scotogenic model and then develop the formal-
ism for lepton number washout based on Boltzmann
equations in Sec. III. In Sec. IV, we explain how asymme-
tries are transferred between the DM and SM sectors and
present our numerical results of the Boltzmann equations.

'The interaction ®°h <> ®°*h (h: SM Higgs boson after the
EWPT) will erase the ®°(*) asymmetry.

*Note that, while this paper focuses on the asymmetry transfer
between DM and leptons without considering the decay con-
tribution, in the presence of CP violation in the Yukawa
couplings, the asymmetry from N decays could be sizable. As
pointed out in Ref. [27], tree-level N-mediated washout processes
are out of equilibrium during the time of N decays if my 2
107 GeV such that the L asymmetry from the decays can survive
from washouts and account for the observed baryon asymmetry.
The region of interest in this work, my = 10'° GeV, falls into this
region and hence the decay effect could be important, depending
on the values of the Yukawa couplings and the size of the CP
phase(s).
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FIG. 3.
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Pictorial illustration of asymmetry conversion in the presence of DM ® and the right-handed neutrino N. The L asymmetry

generated from GUT baryogenesis is converted into a DM (®) asymmetry, and then is also shared by H due to ® — H equilibrium. As a
result, the maximal B — L asymmetry is one third of the initial B + L asymmetry from GUT baryogenesis as indicated in the middle
panel. If DM decouples before the EWPT, the asymmetry will be transferred back to the SM sector, increasing the final B asymmetry as
displayed in the right panel, where the solid (dashed) line corresponds to DM freeze-out before (after) the EWPT. See the text for more

details.
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FIG. 4. Main DM annihilation processes which determine the
DM density. The A’s denote the Higgs-DM quartic couplings,
defined in Eq. (2.2).

The relic abundance is calculated in Sec. V where the DM
direct search bounds from the XENONIT experiment are
also taken into account. Finally, we conclude in Sec. VL

II. SCOTOGENIC MODEL

The scotogenic model has been proposed by E. Ma [17],
where the neutrino mass is loop-induced by a second
SU(2), doublet scalar ®@ and the right-handed neutrinos N,
both of which are odd under an imposed Z, symmetry.
Thus, Yukawa couplings in the type-I seesaw, y; j?,-H*Nj
are forbidden and replaced by y! ]f i®*N ;. In principle both
the Z,-odd N and the neutral component of the @ doublet
could be the DM candidates. However, the mass of N being
of interest for this work is above 10!° GeV, that is too
heavy to thermally generate the correct relic density [28]. In
the framework of SU(5), ® can be embedded into the
representation of 5, while N can be a singlet. We here
simply assume that other particles, which are embedded in
the same representation of SU(5) (or larger symmetry
groups) as SM particles or @, are heavier than the scale of
interest. Thus, only the SM particles, ® and N are taken
into account in the analysis.

In addition to the SM interactions, the Lagrangian reads

_ My —
ED%&@M+—¥N@Q+WQH) (2.1)

with

V(H.®) = ui|H]? + p3| @ + 4 [H[* + Ay |®[*

+ A |HP D + 4y | H* @

+ 4 ((H*®)? + H.c.),

: (2.2)

which is just the scalar potential of the inert Higgs doublet
model [29]. The radiative neutrino mass matrix induced by
loops of ® and N is [17]3

()’;kyl‘k)*MNv
(mu)ij = Z W
k

k R i i
X log - log )
(m%e - M,Z\,k M%Vk m? — M,zvk M,Z\,k
(2.3)

where

1
my = i3 to (st +4s5)07,

mj = p +%(13 + Ay = 25)0%, (2.4)
with » = 246 GeV being the Higgs vacuum expectation
value. Note that in order to obtain a nonvanishing neutrino
mass, one must have my # my, i.e., A5 # 0. We here are
interested in the region of My 2 1010 GeV, mp~m; ~
TeV and |mz — m;| < m; ~ mg. In this case, the neutrino
mass matrix becomes

Asv? (Vi) Mzzvv
(m )i = 327122 ] < (m2A -1). @9)

0

where my =" To reproduce the observed neutrino

mass squared dlfference responsible for atmospheric

Note that there is a factor of 1 /2 missing in Ref. [17]; see,
e.g., version 1 of Ref. [30] or Appendix C of Ref. [31].
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neutrino oscillations, the heaviest neutrino must be heavier
than 0.05 eV or so, which corresponds to As ~ 6 x 1073 for
M ~ 10'? GeV and m, ~ TeV, given y’ of O(1).

III. WASHOUT FORMALISM

Due to the Hubble expansion, a convenient quantity to
describe the particle number density is ¥ = n/s, which
is the number density normalized to the entropy density s,
i.e., the number per comoving volume. The density Y is
conserved in the absence of particle creation or annihila-
tion. The Boltzmann equation of a particle ¢ for an
interaction Za; ---a, <> f1--- f, 1S,

ZHS—:—Z[fa1~~~an<—>f1"'fm]v (31)
ai.f;

where H is the Hubble parameter, z = My /T, and

[ay--a, < fi--ful

nfnal . .nan

- Wyeq(fal ceay o froe )
n PR n
Ll 1 fu o Cara,). (32)
nfl nfm
The thermal rate y°4 is defined as
rd(€ay---ay = fio fm)
&ps w Fpy,
- U e |1 / 2E,,(2n) ¢
% _ Y
x (2m)*s* <pf +> Pa— Y pf,> M2, (3.3)
i- =1

=1 Jj

where |M|? is the squared amplitude summing over initial
and final spins.

To simplify the analysis, we consider a 1 + 1 scenario,
i.e., one generation of the SM leptons and one right-handed
neutrino.” Moreover, we assume that the scale of GUT
baryogenesis is slightly below the right-handed neutrino
mass to avoid complications from finite-temperature effects
(if, for example, the decay N — HL would be kinemati-
cally forbidden, the first processes in Fig. 2 would not have
resonance anymore, reducing the L washout effect) due to
thermal masses when T 2 my [32].

For the L washout computation, we include both AL = 1
and AL =2 interactions. Following the notation of

*For simplicity, we stick to the cases where the initial lepton
asymmetry is stored in the lepton doublet.

Ref. [32], the AL =2 washout processes include £® <>
£®* (with thermal rate yy,) and £7 < ®*®* (yy,) as
displayed in Fig. 2. The relevant AL = 1 washout proc-
esses are £® <> N (yp), €N <> ®*A (yu), £® <> NA
(Yar,) and £A <> N®* (y4,). We refer readers to our
previous work [16] and references therein for more details.
Note that the previous work is based on the type-I seesaw
mechanism while in this work, it is another Yukawa
coupling y'#®*N that is responsible for the washout
processes. The formalism of washout computation is,
however, similar for the two cases.

The resulting Boltzmann equations including the lepton
washout and sphalerons [33,34] processes read

dYp_p
H 2=
Hs—
Y Y - Yy
=2 (ZyNs + 4w, + Vg Y—éﬁ + Yar, + VAtz) 73“2qu E-L
N L
Yv| Yo
—2bg [71\/5 +4yne + Vas + Van, T Van, Y_gl} Y—%’ (3.4)
vl Yo
dYp ;.
H __PT=
Hs—
Y Y —Yp_
=-2 (27Ns +4yNe + Vs Y—éf, + Van + 7At2> %
N L
Yv| Yo
+2bg |:27Ns +4yNe +Vas +Yay, +Van Y_é\(ll:| Y_;Dq
vl Yo
351 Mys
TQ%VTNYB—%’ (3.5)

ay Y
tHs — N = —(rp + 4745 + 4741, +47a1) T}\‘Il_ )
dz Yy

(3.6)

dYq;’_dYB_L
dz ~ dz ~

(3.7)

where Y L(B) = Y lepton(baryon) — Y anti-lepton (antibaryon) and Y* is
the equilibrium density of the corresponding (anti-)particle.
The impact of the 7~ and b-Yukawa couplings on the
washout processes can be characterized by the factor

be [16]:
bq; - {

Moreover, the chemical equilibrium for ®*®H) «
H®H® is reached if

102 < T <10 GeV

3.8
T <102 GeV (3:8)

D= W=

2T T2
= > _—,
8 ~ mpy

(3.9)
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Contour plots of Y /yiitial with A5 set to unity and m, = 5 TeV. The left (right) panel refers to the case of the initial B + L

asymmetry being created at the scale of My /3 (My/10). The black solid, dashed and dotted lines present the neutrino mass of 0.23 eV,
VAm%, ~0.05 eV and \/Am?; ~ 8.6 x 1073 eV. See the text for more details.

with mp, = 1.22 x 10" GeV. The ® — H chemical equi-
librium is always fulfilled for values of A5 of interest.
The final B and L asymmetries as functions of the final
B — L asymmetry are
V= evpl Y= (- DY (310)
For nonsupersymmetric models the sphaleron conversion
factor is ¢, = 28/79 [19,35] if DM decouples before the
EWPT. On the other hand, if DM freezes out after the
EWPT, the ®° (®*) asymmetry will just vanish (transfer
into W*), and has no influence on the final B and L
asymmetries as explained above. In this case, one has ¢; =
8/23 as we shall see below.

IV. ASYMMETRY TRANSFER BETWEEN DM
AND SM SECTORS

We now are in the position to explain how the washout
processes can create a nonzero B — L asymmetry and how
asymmetries are transferred among different particles.

For temperatures above 10'2 GeV, the (B + L)-violating’
sphalerons are not in thermal equilibrium and part of the
lepton asymmetry is moved to DM due to the washout
processes induced by the Yukawa coupling y'Z®N. For
both of the AL = 1 and AL = 2 interactions, the change in
the lepton number comes with an equal amount of the DM
number change. The partial asymmetry of @ is further con-
verted into H through the interaction, £ ((H*®)? + H.c.).
That is, after L washout one obtains a nonzero B — L
asymmetry: A(B—L) = —(A® + AH).

°In the following, we will use the shorthand notations B+17, B
and [ for (B 4 L)-, B- and L-violating, respectively.

For the washout calculation, my = 5 TeV and 45 = 1 are
assumed which guarantee that the ® — H interactions are
always in chemical equilibrium during the period of
washout, i.e., A(B— L) = —2A®. The numerical results
are presented in Fig. 5 with the initial B + L asymmetry
from GUT baryogenesis injected at the scale of My /3 (left
panel) and My /10 (right panel). The contours represent the
ratio of the final B — L to the initial B + L asymmetry, i.e.,
yimal /yinital - A smaller B + L injection scale implies a
shorter L washout period before the sphalerons kick in, and
hence requires a larger Yukawa coupling (a higher washout
rate) to compensate. As a result, the Y /yinital contours
move upward in the right panel when compared to the
left one.

Maximal L washout (the maximal final B — L asymme-
try) denoted by dark red areas arises from the case in which
the [ processes are very efficient before the sphalerons
come into play but become ineffective when the sphalerons
are in thermal equilibrium. Two minimal B — L asymmetry
scenarios (white areas) correspond to situations where first
L washouts have never been fast enough before the
sphalerons destroy most of the initial B + L asymmetry,
and second both £ and B+ processes are present and
effective for a long time, leading to vanishing B and L
asymmetries.6 The black solid line indicates the active
neutrino mass m, of 0.23 eV, the bound from Planck [36]
on the sum of the active neutrino masses, while the black

dashed line corresponds to m, = \/Am2,, ~0.05 eV and

the black dotted line for m, = \/Am?; ~ 8.6 x 1073 eV. If
As is increased (decreased), according to Eq. (2.5) the black

®Again, the detailed analysis can be found in our previous
work, Ref. [16], with the different particle contents but with a
similar washout mechanism.
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lines will move downwards (upwards) accordingly. On
the other hand, the active neutrino masses are not very
sensitive to the precise value of mgq due to the logarithmic
dependence.

In order to obtain m, =0.05eV and Y /yinital > 102,
My has to be roughly above 10'3 GeV with y’ ~0.25. In
our previous work [16] with the type-I seesaw Yukawa
coupling ZH*N, one can achieve larger washout effects
with Yl /yiiial > 10! and at the same time reproduce
m, = 0.05. The main difference in the presence of @ is that
the active neutrino mass is loop-induced and hence a larger
Yukawa coupling is needed. In this case, the washout
processes last for a longer time and coexist with the B
sphalerons, leading to a smaller B — L asymmetry.

Depending on the initial B + L asymmetry, there exist
regions of the parameter space capable of reproducing
yiinal ~2.4 x 1071° to account for the observed baryon
asymmetry, Yinl =87 x 107! [36]. Assuming that, for
example, the initial B + L asymmetry is of order 107 and
the B + L injection scale is My /10, My can be as low as
10'° GeV to realize both the baryon asymmetry and the
neutrino mass. In this case L washouts can still be efficient
enough to generate a nonvanishing B — L asymmetry
before the sphalerons destroy the entire B + L asymmetry.

When the temperature drops below 10'> GeV and
becomes much smaller than My, L washouts are ineffective
but the sphaleron processes start to destroy the B + L
asymmetry. Later on, SM Yukawa couplings reach equi-
librium to rearrange the asymmetry among leptons, quarks
and the Higgs boson. One can repeat the analysis of
chemical equilibrium done in Refs. [19,35,37], including
an extra constraint, ye = py. To simplify the analysis, we
assume universal chemical potentials y, and yu,, for the
three left-handed lepton doublets and three right-handed
leptons, respectively, and all the Yukawa couplings are in
thermal equilibrium. This yields

1 1 5
Hq = —gﬂf, M, = EW’ Hay = —gﬂf’
1 1 1

How =5Hes M =5Hes  fo =S Hr (4.1)

and thus the final B and L asymmetries are
B, = 8 (B-1L) (4.2)

X ’ '
15

L,=—-—(B-L), 4.3
f==53(B-L) (4.3)

which is different from the case in the absence of ® with
By = %(B —L) and L;= —%(B —L) [19,35,37] for
the SM. That is to say, ® shares the asymmetry and
slightly reduces the baryon asymmetry for a given B — L
asymmetry.

Finally, when the temperature falls below mg, @ begins
to freeze out of the thermal bath. The DM relic density will
be mainly determined by the quartic couplings 4345 in
Eq. (2.2), if they are large compared to the gauge couplings
and Yukawa couplings. In other words, the DM particle
dominantly annihilates into the Higgs bosons. The inter-
action terms of A3 and 4, apparently will not change any
asymmetries in ® and H while the A5 term, corresponding
to ®H* <> ®*H and ®X M) « HWHM, will shift the
asymmetry from @ to H. Note that the interaction ®H* <>
®*H is always much faster than the DM annihilation
processes if 43 4 5 are of the same order. That is because the
former interaction is singly Boltzmann-suppressed but the
latter ones are doubly suppressed. The asymmetry con-
version between ® and H during freeze-out can be under-
stood in the following simple ways. Since ® and H carry
the same U(1), charge, the disappearance of A® has to be
compensated by the equal amount of AH so that the total
U(1)y is conserved.

In the case where DM freezes out before the EWPT, the
@ asymmetry will be transformed into that of H and further
into those of the quarks and leptons. On the other hand,
if DM freeze-out takes place after the EWPT, due to the
® — H interactions the ®° asymmetry will simply vanish
while the ®* asymmetry will transfer to that of W*. Due to
the fact that the sphaleron effects are not effective anymore
below the EWPT, both the L and B asymmetries are
conserved quantities independent of the @® asymmetry.
The final baryon number will slightly increase by 2% if DM
decouples before the EWPT and hence the asymmetry
conversion occurs.

We would like to emphasize that regardless of the
decoupling time of DM, the final DM abundance is not
related to the baryon asymmetry, even if the initial DM
asymmetry is closely connected to the initial B — L (also B)
asymmetry. This is the price we have to pay in order to
radiatively generate nonzero active neutrino masses via a
nonzero As. If @ decouples before the EWSB the inter-
action of A5 quickly shifts the @ asymmetry into that of H
as the density of ® and ®* decrease during freeze-out.
Hence the final density of @ is only determined by the
annihilation of ® and ®*, similar to symmetric DM
scenarios. If @ decouples after the EWPT the asymmetry
stored in ®° and ®% just vanishes due to the ® — H
interactions as explained above. In addition, a nonzero As
will result in a mass splitting between the two neutral
components as indicated in Eq. (2.4). Thus the lightest
neutral component is the DM particle, which is real and is
its own antiparticle. The final DM density will only be
determined by the DM annihilation into two Higgs bosons.
Note that a zero A5 would yield correlation between the
final DM abundance and the baryon asymmetry. In this
case, the DM mass has to be around 5 GeV to reproduce the
correct relic abundance. As @ is a SU(2) doublet, the Z
boson can decay into ® @, increasing the Z decay width.
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This, however, will be excluded by the LEP bound. In other
words, an asymmetric DM scenario cannot be realized in
this framework.

V. DM RELIC DENSITY AND
DIRECT DETECTION

In this section, we compute the DM relic density and
discuss direct search bounds. The study of DM phenom-
enology for inert Higgs doublet models after electroweak
symmetry breaking has been studied, for instance, in
Refs. [38—42], while annihilation cross sections in an
unbroken phase have been computed in Ref. [43]. We
here focus on the scenario in the latter case where TeV @
decouples before the EWPT and the main annihilation
channels are ®®* - HH* and ®Hd*) — HOH* as
shown in Fig. 4. As we shall see later, to achieve the
correct DM density, the DM-Higgs couplings 4’s have to be
larger than unity and also than the gauge and Yukawa
couplings. Thus, we neglect the gauge and fermion final
states in the computation.

Since the ® asymmetry is basically zero during (and
after) freeze-out, the computation of the DM relic density
Qe + Qg is essentially the same as in the standard
symmetric DM scenario and can be well approximated
[44,45] by

3 x 10727 cm? sec™!

Qpuh® ~ 2 (5.1)

(V) oo~ Hp

Here the thermally-averaged annihilation cross-section
multiplied by the DM relative velocity is

2
M

~ 2 5.2
327rmc2D (5:2)

(60) 0@ Hpr

where we assume A3 2 A5 and 44, = O for simplicity. Note
that the mass degeneracy among components of ® will be
lifted after electroweak symmetry breaking. Heavy com-
ponents of ® will decay into the lightest one but the total
relic density stays constant due to the unbroken Z,
symmetry. In fact, for TeV DM the contribution from
the Higgs vacuum expectation value to the DM mass is
negligible as can be seen from Eq. (2.4), i.e., mg =~ my.
On the other hand, ® can interact with nucleons through
the Higgs exchange and null results from DM direct
searches put constraints on the DM-Higgs coupling 4.
Again with the assumption of 13 2 A5 and 14 =0, the
DM-nucleon spin-independent cross section is [47]

oy = 2N (5.3)

where fy =03, u=m,mg/(m, + mg) and m, is the
nucleon mass.
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FIG. 6. Quartic coupling 45 versus DM mass mg. The blue line
corresponds to the observed relic density while the red dashed
area is excluded by the XENONIT direct search result [46]. The
purple line represents the perturbativity limit 4z.

In Fig. 6, we show the direct search bound from the
XENONIT result [46] denoted by the red line” and the blue
line corresponds to the correct relic density, while the
purple line is the perturbativity limit. It is clear that
XENONIT is unable to probe the large DM mass region
as the DM-nucleon cross-section is inversely proportional
to the DM mass, leading to low sensitivity. In addition,
the DM annihilation cross section is also suppressed by the
DM mass and A3 has to be large in order to reproduce
the correct DM density. Thus, for a large DM mass
mpm 2 19 TeV the theory is not perturbative anymore.
This roughly agrees with the result of Ref. [43], where
22.4 TeV is obtained by considering all contributions
including the gauge bosons.

VI. CONCLUSIONS

In this work, we have explored an interesting correlation
between DM, radiative neutrino masses and GUT baryo-
genesis, based on the scotogenic model [17]. The model
contains a second Higgs doublet @ together with right-
handed neutrinos N, both of which are odd under a Z,
symmetry. The lightest one of the Z,-odd particles, @, is a
DM candidate. Due to the Z, symmetry, the type-I seesaw
Yukawa coupling of the right-handed neutrinos to the
Higgs boson is prohibited but a new coupling y'Z®N
(7 1s the SM lepton doublet) is allowed. Consequently, the
neutrino mass is radiatively induced by loops of ® and N.
In the context of (B — L)-preserving GUT baryogenesis,
the additional interaction £® <> #®* via N-exchange
shifts the L asymmetry into @® such that a nonzero
B — L asymmetry can be generated. The net B — L asym-
metry will be preserved by the (B + L)-violating sphaleron

"The PandaX-II [48] and LUX [49] experiments yield similar
limits, while the latest XENONIT result [50] only presents the
bound for DM below 1 TeV.

075024-7



HUANG, PAS, and ZEIBNER

PHYS. REV. D 98, 075024 (2018)

effects and as a result the observed baryon asymmetry can
be obtained.

Moreover, due to the interactions ®*H <> ®H* and
oD « HHH), the asymmetry in ® from L wash-
outs will be further transferred into H that helps to wash out
more L, leading to a larger B — L asymmetry. With two
Higgs doublets, @ and H, the induced B — L asymmetry is
at most one third (5/12 including the 7- and b-Yukawa
coupling effects) of the initial B 4 L asymmetry from GUT
baryogenesis, which is larger than the asymmetry obtained
in Ref. [15], where the type-I seesaw Yukawa coupling is
used to erase L and to produce a nonzero B — L asymmetry.
Numerically, we have found that in order to generate a
neutrino mass of \/Am2,, (= 0.05 eV) and achieve Y'indl /
yinitial > O(1072), the mass of the right-handed neutrino
My has to be roughly larger than 10'3 GeV for TeV DM. If
the initial B+L asymmetry is sizable (=107°) and the
B+ L injection scale is My /10, M, can be as low as
10'% GeV to accommodate both the baryon asymmetry and
the neutrino mass, since L washouts can still be efficient
enough to create a nonvanishing B — L asymmetry before
the sphalerons completely destroy the B + L asymmetry.

We have made sure that with @ heavier than 3 TeV
one can reproduce the observed relic abundance which
requires an O(1) coupling A3 and at the same time avoid
the XENONIT direct search bounds. In this case @ falls out
of equilibrium before the electroweak symmetry breaking
and the asymmetry stored in @ will convert back into H.
That slightly increases the final baryon asymmetry. To
summarize, we have established an intriguing correlation
among GUT baryogenesis, DM phenomenology and neu-
trino mass mechanism, where the existence of DM revives
GUT baryogenesis and induces the radiative neutrino mass.

ACKNOWLEDGMENTS

The authors would like to thank Avelino Vicente for
pointing out a missing factor of 1/2 in the neutrino mass
matrix. This work is supported by Deutsche
Forschungsgemeinschaft (DFG) Grant No. PA 803/10-1.
S. ZeiBner was supported by a fellowship of Deutsche
Studienstiftung. W. C. Huang is also supported by Danish
Council for Independent Research Grant No. DFF-6108-
00623. The CP3-Origins centre is partially funded by the
Danish National Research Foundation, Grant No. DNRF90.

[1] H. Georgi and S.L. Glashow, Unity of All Elementary
Particle Forces, Phys. Rev. Lett. 32, 438 (1974).

[2] M. Yoshimura, Unified Gauge Theories and the Baryon
Number of the Universe, Phys. Rev. Lett. 41, 281 (1978);
Erratum, Phys. Rev. Lett. 42, 746(E) (1979).

[3] D. Toussaint, S. B. Treiman, F. Wilczek, and A. Zee, Matter-
antimatter accounting, thermodynamics, and black hole
radiation, Phys. Rev. D 19, 1036 (1979).

[4] S. Weinberg, Cosmological Production of Baryons, Phys.
Rev. Lett. 42, 850 (1979).

[5] S. M. Barr, G. Segre, and H. Arthur Weldon, The magnitude
of the cosmological baryon asymmetry, Phys. Rev. D 20,
2494 (1979).

[6] F.R. Klinkhamer and N. S. Manton, A saddle point solution
in the Weinberg-Salam theory, Phys. Rev. D 30, 2212
(1984).

[7]1 P.B. Arnold and L. D. McLerran, Sphalerons, small fluc-
tuations and baryon number violation in electroweak theory,
Phys. Rev. D 36, 581 (1987).

[8] P.B. Arnold and L.D. McLerran, The Sphaleron strikes
back, Phys. Rev. D 37, 1020 (1988).

[9] G.D. Coughlan, G.G. Ross, R. Holman, P. Ramond, M.
Ruiz-Altaba, and J. W. F. Valle, Baryogenesis, proton decay
and fermion masses in supergravity GUTs, Phys. Lett.
158B, 401 (1985).

[10] K.S. Babu and R.N. Mohapatra, Predictive Neutrino
Spectrum in Minimal SO(10) Grand Unification, Phys.
Rev. Lett. 70, 2845 (1993).

[11] B. Garbrecht, T. Prokopec, and M. G. Schmidt, SO(10)-
GUT coherent baryogenesis, Nucl. Phys. B736, 133 (2006).

[12] Y. Achiman, Spontaneous CP violation in SUSY SO(10),
Phys. Lett. B 653, 325 (2007).

[13] K.S. Babu and R.N. Mohapatra, B-L violating nucleon
decay and GUT scale baryogenesis in SO(10), Phys. Rev. D
86, 035018 (2012).

[14] K.S. Babu and R.N. Mohapatra, Coupling unification,
GUT-scale baryogenesis and neutron-antineutron oscillation
in SO(10), Phys. Lett. B 715, 328 (2012).

[15] M. Fukugita and T. Yanagida, Resurrection of Grand
Unified Theory Baryogenesis, Phys. Rev. Lett. 89,
131602 (2002).

[16] W.-C. Huang, H. Pids, and S. Zeissner, Neutrino assisted
GUT baryogenesis-revisited, Phys. Rev. D 97, 055040
(2018).

[17] E. Ma, Verifiable radiative seesaw mechanism of neutrino
mass and dark matter, Phys. Rev. D 73, 077301 (2006).

[18] E. Ma, Derivation of Dark Matter Parity from Lepton Parity,
Phys. Rev. Lett. 115, 011801 (2015).

[19] J. A. Harvey and M. S. Turner, Cosmological baryon and
lepton number in the presence of electroweak fermion
number violation, Phys. Rev. D 42, 3344 (1990).

[20] E. Ma, Common origin of neutrino mass, dark matter, and
baryogenesis, Mod. Phys. Lett. A 21, 1777 (2006).

[21] S. Kashiwase and D. Suematsu, Baryon number asymmetry
and dark matter in the neutrino mass model with an inert
doublet, Phys. Rev. D 86, 053001 (2012).

075024-8


https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1103/PhysRevLett.41.281
https://doi.org/10.1103/PhysRevLett.42.746
https://doi.org/10.1103/PhysRevD.19.1036
https://doi.org/10.1103/PhysRevLett.42.850
https://doi.org/10.1103/PhysRevLett.42.850
https://doi.org/10.1103/PhysRevD.20.2494
https://doi.org/10.1103/PhysRevD.20.2494
https://doi.org/10.1103/PhysRevD.30.2212
https://doi.org/10.1103/PhysRevD.30.2212
https://doi.org/10.1103/PhysRevD.36.581
https://doi.org/10.1103/PhysRevD.37.1020
https://doi.org/10.1016/0370-2693(85)90441-1
https://doi.org/10.1016/0370-2693(85)90441-1
https://doi.org/10.1103/PhysRevLett.70.2845
https://doi.org/10.1103/PhysRevLett.70.2845
https://doi.org/10.1016/j.nuclphysb.2005.10.042
https://doi.org/10.1016/j.physletb.2007.08.014
https://doi.org/10.1103/PhysRevD.86.035018
https://doi.org/10.1103/PhysRevD.86.035018
https://doi.org/10.1016/j.physletb.2012.08.006
https://doi.org/10.1103/PhysRevLett.89.131602
https://doi.org/10.1103/PhysRevLett.89.131602
https://doi.org/10.1103/PhysRevD.97.055040
https://doi.org/10.1103/PhysRevD.97.055040
https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1103/PhysRevLett.115.011801
https://doi.org/10.1103/PhysRevD.42.3344
https://doi.org/10.1142/S0217732306021141
https://doi.org/10.1103/PhysRevD.86.053001

SCALAR DARK MATTER, GUT BARYOGENESIS, AND ...

PHYS. REV. D 98, 075024 (2018)

[22] S. Kashiwase and D. Suematsu, Leptogenesis and dark
matter detection in a TeV scale neutrino mass model with
inverted mass hierarchy, Eur. Phys. J. C 73, 2484 (2013).

[23] J. Racker, Mass bounds for baryogenesis from particle
decays and the inert doublet model, J. Cosmol. Astropart.
Phys. 03 (2014) 025.

[24] J. D. Clarke, R. Foot, and R. R. Volkas, Natural leptogenesis
and neutrino masses with two Higgs doublets, Phys. Rev. D
92, 033006 (2015).

[25] T. Hugle, M. Platscher, and K. Schmitz, Low-scale lepto-
genesis in the scotogenic neutrino mass model, Phys. Rev. D
98, 023020 (2018).

[26] S. Baumholzer, V. Brdar, and P. Schwaller, The new vMSM:
Radiative neutrino masses, ke V-scale dark matter and viable
leptogenesis with sub-TeV new physics, J. High Energy
Phys. 08 (2018) 067.

[27] D. A. Sierra, C. S. Fong, E. Nardi, and E. Peinado, Clois-
tered baryogenesis, J. Cosmol. Astropart. Phys. 02 (2014)
013.

[28] K. Griest and M. Kamionkowski, Unitarity Limits on the
Mass and Radius of Dark Matter Particles, Phys. Rev. Lett.
64, 615 (1990).

[29] N.G. Deshpande and E. Ma, Pattern of symmetry
breaking with two Higgs doublets, Phys. Rev. D 18,
2574 (1978).

[30] A.Merle and M. Platscher, Parity problem of the scotogenic
neutrino model, Phys. Rev. D 92, 095002 (2015).

[31] A. Vicente, Computer tools in particle physics, arXiv:
1507.06349.

[32] G.F. Giudice, A. Notari, M. Raidal, A. Riotto, and A.
Strumia, Towards a complete theory of thermal leptogenesis
in the SM and MSSM, Nucl. Phys. B685, 89 (2004).

[33] G.D. Moore, Do we understand the sphaleron rate?, in
Strong and Electroweak Matter, Proceedings, Meeting,
SEWM 2000, Marseille,  France, 2000 (2000),
DOI: 10.1142/9789812799913_0007.

[34] M. D’Onofrio, K. Rummukainen, and A. Tranberg, Spha-
leron Rate in the Minimal Standard Model, Phys. Rev. Lett.
113, 141602 (2014).

[35] S. Yu. Khlebnikov and M. E. Shaposhnikov, The statistical
theory of anomalous fermion number nonconservation,
Nucl. Phys. B308, 885 (1988).

[36] P. A.R. Ade et al., Planck 2015 results. XIII. Cosmological
parameters, Astron. Astrophys. 594, A13 (2016).

[37] W. Buchmuller, R.D. Peccei, and T. Yanagida, Lepto-
genesis as the origin of matter, Annu. Rev. Nucl. Part.
Sci. 55, 311 (2005).

[38] A. Arhrib, Y.-L. Sming Tsai, Q. Yuan, and T.-C. Yuan, An
updated analysis of inert Higgs doublet model in light of the
recent results from LUX, PLANCK, AMS-02 and LHC,
J. Cosmol. Astropart. Phys. 06 (2014) 030.

[39] A. Ilnicka, M. Krawczyk, and T. Robens, Inert doublet
model in light of LHC run I and astrophysical data, Phys.
Rev. D 93, 055026 (2016).

[40] N. Khan and S. Rakshit, Constraints on inert dark matter
from the metastability of the electroweak vacuum, Phys.
Rev. D 92, 055006 (2015).

[41] A. Belyaev, G. Cacciapaglia, I. P. Ivanov, F. Rojas-Abatte,
and M. Thomas, Anatomy of the inert two Higgs doublet
model in the light of the LHC and non-LHC dark matter
searches, Phys. Rev. D 97, 035011 (2018).

[42] B. Eiteneuer, A. Goudelis, and J. Heisig, The inert doublet
model in the light of Fermi-LAT gamma-ray data: A global
fit analysis, Eur. Phys. J. C 77, 624 (2017).

[43] C. Garcia-Cely, M. Gustafsson, and A. Ibarra, Probing the
inert doublet dark matter model with Cherenkov telescopes,
J. Cosmol. Astropart. Phys. 02 (2016) 043.

[44] G. Jungman, M. Kamionkowski, and K. Griest, Super-
symmetric dark matter, Phys. Rep. 267, 195 (1996).

[45] G. Bertone, D. Hooper, and J. Silk, Particle dark matter:
Evidence, candidates and constraints, Phys. Rep. 405, 279
(2005).

[46] J.M. Cline, K. Kainulainen, P. Scott, and C. Weniger,
Update on scalar singlet dark matter, Phys. Rev. D 88,
055025 (2013); Erratum, Phys. Rev. D 92, 039906(E)
(2015).

[47] E. Aprile et al., First Dark Matter Search Results from the
XENONIT Experiment, Phys. Rev. Lett. 119, 181301
(2017).

[48] X. Cui et al, Dark Matter Results From 54-Ton-Day
Exposure of PandaX-II Experiment, Phys. Rev. Lett. 119,
181302 (2017).

[49] D.S. Akerib et al., Results from a Search for Dark Matter in
the Complete LUX Exposure, Phys. Rev. Lett. 118, 021303
(2017).

[50] E. Aprile et al., Dark Matter Search Results from a One
Tonne x Year Exposure of XENONIT, Phys. Rev. Lett.
121, 111302 (2018).

075024-9


https://doi.org/10.1140/epjc/s10052-013-2484-9
https://doi.org/10.1088/1475-7516/2014/03/025
https://doi.org/10.1088/1475-7516/2014/03/025
https://doi.org/10.1103/PhysRevD.92.033006
https://doi.org/10.1103/PhysRevD.92.033006
https://doi.org/10.1103/PhysRevD.98.023020
https://doi.org/10.1103/PhysRevD.98.023020
https://doi.org/10.1007/JHEP08(2018)067
https://doi.org/10.1007/JHEP08(2018)067
https://doi.org/10.1088/1475-7516/2014/02/013
https://doi.org/10.1088/1475-7516/2014/02/013
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.92.095002
http://arXiv.org/abs/1507.06349
http://arXiv.org/abs/1507.06349
https://doi.org/10.1016/j.nuclphysb.2004.02.019
https://doi.org/10.1142/9789812799913_0007
https://doi.org/10.1142/9789812799913_0007
https://doi.org/10.1142/9789812799913_0007
https://doi.org/10.1103/PhysRevLett.113.141602
https://doi.org/10.1103/PhysRevLett.113.141602
https://doi.org/10.1016/0550-3213(88)90133-2
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1146/annurev.nucl.55.090704.151558
https://doi.org/10.1146/annurev.nucl.55.090704.151558
https://doi.org/10.1088/1475-7516/2014/06/030
https://doi.org/10.1103/PhysRevD.93.055026
https://doi.org/10.1103/PhysRevD.93.055026
https://doi.org/10.1103/PhysRevD.92.055006
https://doi.org/10.1103/PhysRevD.92.055006
https://doi.org/10.1103/PhysRevD.97.035011
https://doi.org/10.1140/epjc/s10052-017-5166-1
https://doi.org/10.1088/1475-7516/2016/02/043
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1103/PhysRevD.88.055025
https://doi.org/10.1103/PhysRevD.88.055025
https://doi.org/10.1103/PhysRevD.92.039906
https://doi.org/10.1103/PhysRevD.92.039906
https://doi.org/10.1103/PhysRevLett.119.181301
https://doi.org/10.1103/PhysRevLett.119.181301
https://doi.org/10.1103/PhysRevLett.119.181302
https://doi.org/10.1103/PhysRevLett.119.181302
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302

