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We propose a scenario with a fermion dark matter, where the dark matter particle used to be the Dirac

fermion, but it takes the form of the Majorana fermion at a late time. The relic number density of the dark

matter is determined by the dark matter asymmetry generated through the same mechanism as lepto-

genesis when the dark matter was the Dirac fermion. After efficient dark matter annihilation processes

have frozen-out, a phase transition of a scalar field takes place and generates Majorana mass terms to turn

the dark matter particle into the Majorana fermion. In order to address this scenario in detail, we propose

two simple models. The first one is based on the Standard Model (SM) gauge group and the dark matter

originates the SUð2ÞL doublet Dirac fermion, analogous to the Higgsino-like neutralino in supersymmetric

models. We estimate the spin-independent/dependent elastic scattering cross sections of this late-time

Majorana dark matter with a proton and find the possibility to discover it by the direct and/or indirect dark

matter search experiments in the near future. The second model is based on the B-L gauged extension of

the SM, where the dark matter is a SM singlet. Although this model is similar to the so-called Higgs portal

dark matter scenario, the spin-independent elastic scattering cross section can be large enough to detect

this dark matter in future experiments.

DOI: 10.1103/PhysRevD.86.063525 PACS numbers: 95.35.+d, 11.10.Wx, 11.30.Fs, 98.80.Cq

I. INTRODUCTION

The origin of baryon asymmetry as well as of dark
matter (DM) are fundamental questions in cosmology.
Until now various mechanisms for the generation of baryon
asymmetry and the candidates for dark matter have been
investigated. Under the standard paradigm, the dark matter
is made up of the weakly interacting massive particle
(WIMP) which freezes out from the thermal equilibrium,
while the baryon asymmetry is supposed to be generated
by a mechanism that has nothing to do with the relic
abundance of the WIMP dark matter. However, the ob-
served baryon density�b and that of dark matter�DM are
close to each other [1], namely�DM=�b � 5, and this fact
might imply a certain connection between the two densities
in history of the Universe. For example, the Q-ball gen-
erated in the early Universe [2–7] can be a single source to
explain this concordance.

The so-called ‘‘asymmetric dark matter’’ (ADM) sce-
nario offers another approach, where similarly to the relic
baryon density, the dark matter relic density is determined
by a nonvanishing asymmetry between the dark matter
particle and its antiparticle [8–10], rather than the usual
thermal freeze-out via annihilation. In many ADM models
proposed so far [11–18], the dark matter particle shares a
common quantum number with the baryon and the dark
matter asymmetry is generated associated with the baryo-
genesis. For a successful ADM scenario, the following
two conditions should be satisfied. First, the dark matter

particle is a complex field and ‘‘dark matter number’’ can
be defined which distinguishes dark matter particle and its
antiparticle. Second, the annihilation cross section between
dark matter and antidark matter particles is large enough
for the symmetric component of the abundance to be al-
most completely erased [19–23]. As a result, the relic
abundance of dark matter is determined by the dark
matter-antidark matter asymmetry left in the Universe. In
some of ADM models, this condition of efficient annihila-
tion processes is achieved in the presence of light mediator
particles [18,24].
If an ADM has the electroweak interaction, especially

the coupling with the Z boson with a large annihilation
cross section, the dark matter direct search experiments
[25] give a very severe constraint on mass of the dark
matter * Oð10 TeVÞ. This constraint can be avoided if a
tiny dark matter number violating mass term is introduced.
However, it has been found that this term should be very
small & 10�41 GeV, in order to suppress the dark matter-
antidark matter oscillation in the early Universe [26–29].
While such a tiny dark matter number violation may be
attractive because the dark matter indirect detection be-
comes available [26–28], its smallness gives rise to the
fine-tuning issue in a theoretical point of view.
In this paper, we propose a novel ADM scenario, in

which the dark matter relic density is determined by the
dark matter asymmetry in the early Universe, but the nature
of the particle is Majorana without introducing such the
extremely tiny parameter as mentioned above. The key
ingredient is that the dark matter is the Dirac fermion in
the very early Universe, but a late-time phase transition
generates Majorana mass terms, and as a result, the initially

*okadan@ua.edu
†seto@physics.umn.edu

PHYSICAL REVIEW D 86, 063525 (2012)

1550-7998=2012=86(6)=063525(11) 063525-1 � 2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.86.063525


Dirac fermion dark matter takes the form of the Majorana
fermion after the symmetric part of the DM abundance has
been erased by the annihilation between dark matters and
antidark matters. In this paper we propose two simple
models to address this scenario in detail. In the first model
(model A) the dark matter particle has the electroweak
interaction through which the dark matter and antidark
matter particles annihilate very efficiently in the early
Universe. We consider the gauged Uð1ÞB-L extension of
the Standard Model (SM) for the second model (model B),
where the dark matter particle is a singlet under the SM
gauge group but has a Uð1ÞB-L charge. For completeness,
we also consider a concrete mechanism for generating both
the baryon and dark matter asymmetries. Various scenarios
for baryogenesis by means of, for example, the out-of-
equilibrium decay of heavy particles [30–33], a scalar
condensate [34–37] and a CPT violating system [38,39]
have been proposed in the framework of the ADM sce-
nario. Similarly to the scenario proposed in Ref. [33], we
adopt the same mechanism as leptogenesis [40], which is
probably the simplest scenario for baryogenesis, for gen-
erating the dark matter asymmetry as well as the baryon
asymmetry in the Universe.

The paper is organized as follows. We first consider
Model A in the next section, where new particles (Dirac
fermions and complex scalars) of the electroweak doublets
and singlets are introduced. In the early Universe, the out-
of-equilibrium decay of the right-handed neutrinos gener-
ates the dark matter asymmetry as well as the baryon
asymmetry. The Dirac fermion dark matters efficiently
annihilate through the electroweak interaction and the
resultant relic abundance is determined by the dark matter
asymmetry. A late-time phase transition by a light scalar
generates Majorana mass terms, by which the initially
Dirac fermion dark matter has taken the form of the
Majorana particle. We estimate the elastic scattering cross
sections of the dark matter particle with a proton which are
relevant for the direct/indirect dark matter search experi-
ments. In Sec. III, we introduce model B based on the
gauged Uð1ÞB-L extension of the SM. New particles intro-
duced in this model are all the SM gauge singlets. Our
discussion on model B is analogous to that of model A, but
in model B efficient annihilation processes of Dirac fer-
mion dark matters are realized by the resonance effect of
intermediate particles such as the B-L gauge boson and
Higgs bosons. Although this model is similar to the so-
called Higgs portal dark matter scenario, we will see a
crucial difference. Section IV is devoted for summary and
discussions. Our notations and the formulas used in our
analysis are listed in Appendixes.

II. MODEL A

A. Setup

This model is based on the SM gauge group. We
introduce a vectorlike pair of SUð2ÞL doublet fermions

(c L and �R), a vectorlike pair of SM singlet fermions
(�L and �R), and SM singlet (�) and doublet complex
scalars (�), as well as the right-handed neutrinos (NR). The
charge assignments are shown in Table I. Here, we have
introduced a discrete Z2 parity to guarantee the stability of
a dark matter particle and a globalUð1Þ symmetry to forbid
Majorana mass terms for the gauge singlet fermions. The
new doublet fermions are similar to the Higgsinos in the
minimal supersymmetric Standard Model (MSSM) while
the singlet fermions behave like a pair of Bino without
Majorana masses. The dark matter particle, which turns out
to be a mixture of the doublet and singlet fermions after the
electroweak symmetry breaking, has a large annihilation
cross section through the electroweak gauge interaction.
The gauge invariant Lagrangian relevant to our discus-

sion is given by1

�L� 1

2
y ��c

R��Rþ1

2
y ��c

L��Lþ1

2
�Nc
RMNNR

þ�� ��L�Rþ�c
�c Lc RþY �c L��RþY ��L�

yc R

þYN
�c L�

yNRþH:c:þVð�;�;�Þ; (1)

with

Vð�; �;�Þ ¼ m2
1j�j2 þ �1j�j4 þm2

3j�j2 þ ð�4j�j2
þ �6j�j2Þj�j2 þ �7j�j4 þm2

4j�j2
þ �8j�j2j�j2 þ �10j�j4 þ H:c:; (2)

where � denotes the SM Higgs doublet field. For simplic-
ity, we have assumed common Yukawa coupling constants
(y, Y and YN) between � and �L;R, between �, �L;R and

c R;L, and between �, c L;R and NR, respectively.MN is the

Majorana mass term of the right-handed neutrinos NR. We
have omitted the flavor index for the right-handed
neutrinos.
We adjust the parameters in the scalar potential so as for

� and � (but not �) to develop vacuum expectation values
(VEVs) at a true vacuum, where we expand the Higgs
fields as

TABLE I. Particle contents of model A.

Fields SUð2ÞL Uð1ÞY Z2 parity Global U(1)

c L 2 þ1=2 � �1
c R 2 þ1=2 � �1
�L 1 0 � �1
�R 1 0 � �1
� 2 þ1=2 þ 0

� 2 �1=2 � þ1
� 1 0 þ þ2
NR 1 0 þ 0

1To make our discussion simple, we have dropped a term
Y0
N
�Nc
R�c R, assuming Y0

N � YN .
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� ¼
0

1ffiffi
2

p ðvþ hÞ
 !

; � ¼ 1ffiffiffi
2

p ðvs þ ’Þ; (3)

with VEVs, v ¼ 246 GeV and vs. The mass eigenstates
are obtained by the unitary rotation

H1

H2

 !
¼ S11 S12

S21 S22

 !
’

h

 !
¼ cos� sin�

� sin� cos�

 !
’

h

 !
;

(4)

with � being the mixing angle, which diagonalizes the
mass matrix

mass term¼ 1

2
’ h
� � 2v2

s�7 vvs�4

vvs�4 2v2�1

 !
’

h

 !
: (5)

In the following, we consider the phase transitions by
VEVs of� and�which take place in the early Universe as
the temperature of the Universe is decreasing according to
the expansion. Furthermore, we concentrate on a parameter
space where the electroweak symmetry breaking occurs
much earlier than the development of nonzero � VEV.

B. Cosmological evolution

The right-handed neutrinos NR have two decay modes:
decay into lepton and Higgs (NR ! L�), and decay into �
and c (NR ! c�). Lepton asymmetry can be generated
by the former decay mode as in usual thermal leptogenesis
[40]. The resultant asymmetry is expressed as

nL
s

¼ �L

g�
�ðNR!L�Þ � BrðNR ! L�Þ (6)

by using the dilution factor �L corresponding to the wash-
out effect for the generated lepton asymmetry, the branch-
ing ratio of NR decay into lepton BrðNR ! L�Þ, and the
CP asymmetry parameter in the decay

�ðNR!L�Þ ¼ �ðNR ! L�Þ � �ðNR ! �L��Þ
�ðNR ! L�Þ þ �ðNR ! �L��Þ : (7)

The same mechanism generates the asymmetry between c
and �c such as

nc

s
¼ �c

g�
�ðNR!c�Þ � BrðNR ! c�Þ: (8)

Here, �c is the corresponding dilution factor, the branch-

ing ratio of NR decay into c is BrðNR ! c�Þ, and the CP
asymmetry in the decay is defined as

�ðNR!c�Þ ¼ �ðNR ! c�Þ � �ðNR ! �c��Þ
�ðNR ! c�Þ þ �ðNR ! �c��Þ : (9)

In the following, the dark matter particle is the Dirac
fermion which is a mixture of c and � and therefore,
this c asymmetry generated by NR decay is nothing but
the asymmetry of the c dark matter sector. Notice that the
asymmetry between � and �� is also generated.

After the electroweak symmetry breaking, where � has
not developed its VEV yet, the mass matrix for the Z2-odd
Dirac fermions is given by

ð ��L ��
c
R
�c L ��c

RÞM

�c
L

�R

c c
L

c R

0
BBBBB@

1
CCCCCA; (10)

where

M ¼

0 �� 0 Y vffiffi
2

p

�� 0 Y vffiffi
2

p 0

0 Y vffiffi
2

p 0 �c

Y vffiffi
2

p 0 �c 0

0
BBBBBB@

1
CCCCCCA; (11)

so that the mass eigenvalues are found to be

MDirac
�c ¼

�� þ�c �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Y2v2 þ ð�� ��c Þ2

q
2

: (12)

Provided � is heavier than those fermions, the lightest
mass eigenstate among the Dirac fermions is the dark
matter particle. Since this Dirac fermion partly consists
of the SUð2Þ doublet fermions (c ), its annihilation pro-
cesses are efficient, in particular, when the annihilation
channels into WW and/or ZZ are kinematically allowed.
This situation is analogous to the Higgsino-like neutralino
dark matter in the MSSM. Therefore, Dirac fermion dark
matters and anti-Dirac fermion dark matters can almost
completely annihilate and only the dark matter asymmetry
is left in the Universe. Similarly, the same is true for � and
��, hence, its symmetric component of � and �� is erased
by annihilation through SUð2Þ gauge interactions.
Since the � is light, the scalar potential at zero tempera-

ture is simplified at low energies where the other scalars
(and fermions) are decoupled:

Vð�; �;�Þ � �m2
�j�j2 þ �7j�j4: (13)

Here we have fixed parameters m2
� ¼ �m2

3 � �4v
2=2> 0

and, hence, � develops the VEV,

h�i ¼ vsffiffiffi
2

p ¼
ffiffiffiffiffiffiffiffi
m2

�

2�7

vuut
: (14)

In the early Universe, this scalar potential is modified
by the thermal effect and temperature corrections are given
by [41]

	V ¼ 1

64
2
m4

�
ln
m2

�2
� 3

2

�
þ T4

2
2
JBðm2=T2Þ; (15)

where m2 ¼ �m2
� þ 4�7j�j2. In a high temperature, the

function JBðm2=T2Þ is expanded as
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JBðm2=T2Þ ¼ �
4

45
þ 
2

12

�
m2

T2

�
� 


6

�
m2

T2

�
3=2

� m4

32T4
ln

�
m2

aBT
2

�
þ � � � ; (16)

where logaB ¼ 5:4076. Since the scalar � obtains the
thermal mass m2

th ’ T2�7=6, the finite temperature effec-

tive potential has a minimum at the origin when the tem-
perature of the Universe is high. It is easy to find that �
becomes tachyonic below the temperature

Tc ’
ffiffiffiffiffiffiffiffiffiffi
6m2

�

�7

vuut
; (17)

and starts developing nonzero VEV. In this way, the
Majorana masses of �L;R are generated after this phase

transitions at a late time.
In this paper, we consider the case that Tc <MDirac

�c =20,

which means the Dirac asymmetric dark matter particle
becomes Majorana at a late time well after the decoupling
of the efficient annihilation processes of the dark matters
and antidark matters. The DMmass matrix is nowmodified
to include the Majorana mass terms such as

M ¼

y vsffiffi
2

p �� 0 Y vffiffi
2

p

�� y vsffiffi
2

p Y vffiffi
2

p 0

0 Y vffiffi
2

p 0 �c

Y vffiffi
2

p 0 �c 0

0
BBBBBB@

1
CCCCCCA: (18)

Therefore, the Dirac fermion asymmetric dark matter be-
fore the phase transition by h�i has taken the form of the
lightest Majorana fermion mass eigenstate which is a linear
combination among �L;R and c L;R:

�j ¼ Nj1�
c
L þ Nj2�R þ Nj3c

c
L þ Nj4c R; (19)

where Nij is the unitary matrix to diagonalize the mass

matrix. When we take �c ¼ ��ð¼ �Þ, for example, the

mass eigenvalues are given byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8Y2v2 þ 2y2v2

s

p þ ffiffiffi
2

p
yvs

4
� 4�; (20)

and the lighter one is the dark matter mass.
The doublet scalar � is heavier than the dark matter

fermion and decays into the dark matter and the SM
particles. The main decay mode is found to be � ! �j ��

through the mixing between the heavy right-handed neu-

trinos and the SM neutrinos,
ffiffiffiffiffiffi
m�

MN

q
, in the seesaw mecha-

nism [42], where m� is the typical light neutrino mass
scale. We estimate the decay width as

�ð� ! ���jÞ ’ 1

16

Y2
NM�

�
m�

MN

�
; (21)

which corresponds to

�ð� ! ���jÞ ’ 3:3� 10�5

�
10�4

YN

�
2
�
0:1 eV

m�

��
MN

M�

�
½sec	:

(22)

We can choose the parameters so as for the � to decay after
the decoupling of pair annihilation processes of dark mat-
ters and also �s. As we have discussed before, the NR

decay generates the same amounts for the dark matter
asymmetry and the � asymmetry in the Universe. After
the very efficient annihilation, only the dark matters are left
in the Universe, in the same way, only the same amount of
�s exist. The late-time � decay creates the antidark matter
and, hence, the total dark matter number in the Universe
becomes zero after the � decay. However, at that time, the
dark matter pair annihilation processes have already
frozen-out, and the total number density of the dark matter
(plus antidark matter) remains twice the number density of
the dark matter just before the decay of the �.
Associated with the spontaneous global Uð1Þ symmetry

breaking by h�i � 0, cosmic strings would be formed.
However, this is cosmologically harmless since the VEV
scale of � is small and the mass per unit length of cosmic
strings is very small. In addition, associated with this phase
transition the Nambu-Goldstone (NG) mode appears.
However, this NGmode does not couple with SM particles,
and the constraints from e.g., the cooling rate of stars
through the NG mode emissions inside the core can be
avoided. Since the NG mode was in thermal equilibrium,
its energy density contributes to the energy density of the
relativistic particles. We estimate the contribution to the
extra neutrino species at the big bang nucleosynthesis era
TBBN ’ 1 MeV as

�Neff ’ NG

�

��������TBBN


 0:2: (23)

This extra contribution is interesting in terms of the value
Neff ¼ 3:85� 0:62 recently reported in Ref. [43] using the
data from the South Pole Telescope.

C. Direct/indirect detection of dark matter

There is a variety of ongoing and planned experiments to
detect a dark matter particle directly or indirectly, through
the elastic scattering of dark matter particle off with nuclei.
The dark matter in our model couples with quarks in two
ways. One is through Higgs bosons relevant to the spin-
independent elastic scattering process, and the other is the
Z boson exchange which causes the spin-dependent elastic
scattering of the dark matter particle. Note that, because of
its Majorana nature, the dark matter particle has only the
axial vector coupling with the Z boson, and the Z boson
exchange process has no contribution to the spin-
independent elastic scattering process. If the dark matter
is the Dirac fermion in the absence of � VEV, the Z boson
exchange dominantly contributes to the spin-independent
elastic scattering process, and as a result, our scenario will

NOBUCHIKA OKADA AND OSAMU SETO PHYSICAL REVIEW D 86, 063525 (2012)

063525-4



be excluded as the dark matter scenario with the heavy
Dirac neutrino DM [25] or the left-handed sneutrino DM
[44].2 Therefore, the late-timeMajorana mass generation is
crucial for our dark matter scenario to be phenomenolog-
ically viable.

The cross section of the spin-independent elastic scat-
tering with a proton is given by

�ðpÞ
SI ¼ 4




�
mpm�

mp þm�

�
2
f2p; (24)

with the hadronic matrix element

fp
mp

¼ X
q¼u;d;s

fðpÞTq

�q

mq

þ 2

27
fðpÞTG

X
c;b;t

�q

mq

; (25)

where mq is a mass of a quark, and fðpÞTq and fðpÞTG are

constants. �q is the coefficient of the effective operator

Lint ¼ �q�j�j �qq for this scattering process and is

given by

�q¼1

2

X
i

ðN2
j1þN2

j2ÞySi1þ2ðNj2Nj3þNj1Nj4ÞYSi2ffiffiffi
2

p
vM2

Hi

mqSi2:

(26)

For yvs � Yv, �q is simplified as

�q ’X
i

ySi1 � YSi2

4
ffiffiffi
2

p
vM2

Hi

mqSi2

¼ mq

4
ffiffiffi
2

p
v

�
y cos�� Y sin�

M2
H1

sin�

þ�y sin�� Y cos�

M2
H2

cos�

�
; (27)

where� corresponds to which mass eigenvalue in Eq. (20)
is the dark matter mass.

When the Yukawa couplings are nonuniversal,

L Yukawa � Y1
�c L��R þ Y2 ��L�c R þ H:c:; (28)

we also consider the spin-dependent scattering processes
of the dark matter. The corresponding cross section with N
nucleus of mass mN and the spin J is given by

�SD ¼ 32



G2

F

�
mmN

mþmN

�
2
�2JðJ þ 1Þ; (29)

with

� ¼ 1

J
ðaphSpi þ anhSniÞ; (30)

and the effective coupling with a proton and a neutron

ap ¼
X

q¼u;d;s

�2ffiffiffi
2

p
GF

�ðpÞ
q ; (31)

an ¼
X

q¼u;d;s

�2ffiffiffi
2

p
GF

�ðnÞ
q ; (32)

where GF is the Fermi constant, hSpðnÞi is the average of

spin of proton (neutron) in a nuclei, and �q denotes the

quark spin content. �2 is the coefficient of the effective
operator Lint ¼ �2�j�5�j �q�5q mediated by the Z boson,

and this is proportional toN2
j3 � N2

j4. For yvs � Yv, this is

simplified as

N2
j3 � N2

j4 ’
ðY2

1 � Y2
2Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðY2

1 � Y2
2Þ2 þ 8ðY1 þ Y2Þ2ð�=vÞ2

q : (33)

D. Benchmarks

There are a lot of parameters in our model and we here
choose typical parameter sets for our benchmark scenarios.
In order to realize our scenario, very efficient annihilation
processes of the asymmetric dark matters are necessary. In
addition, it is interesting if there exists a parameter regions
which leads to the spin-independent/dependent elastic
scattering cross sections testable by the future experiments.

1. MDirac
�c >MW and � ’ 0

Firstly, we consider the case whereMDirac
�c >MW and the

mixing angle of Higgs bosons is negligible, � ’ 0.3 In this
case, the Dirac fermion dark matters (and also the �
scalars) sufficiently annihilate into mainlyWþW� through
the SUð2Þ gauge interaction in the early Universe. After the
phase transition by nonzero h�i, the dark matter becomes
Majorana but its relic number density has been already
determined by the dark matter asymmetry at the period
when that particle was Dirac. At present, since this dark
matter particle is Majorana, the cross section with nuclei
which is relevant to the dark matter direct detection is
induced by not the Z boson exchange but Higgs boson
exchanges. For � ’ 0, the SM-like Higgs (H2) exchange
process is dominant and we can use the simplified form of
�q as

�q ’
mq

4
ffiffiffi
2

p
v

Y

M2
H2

: (34)

For instance, for MH2
’ 120 GeV and Y ’ 0:2, we find

�ðpÞ
SI ’ 10�9 pb; (35)

which is close to the current XENON 100 exclusion limit

of �ðpÞ
SI * 10�8 pb [48].

2Mixed [12,45] or some right-handed [46,47] sneutrinos are
still viable WIMP DM candidates.

3Since we have fixed vs � v, � � 1 is natural for �1 � �4 �
�7 from Eq. (5).
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Similarly, we estimate the spin-dependent cross section
with a proton. For instance, for � ’ 100 GeV and
ðY1; Y2Þ ’ ð0:4; 0:2Þ, we obtain

�ðpÞ
SD ’ 3� 10�4 pb; (36)

almost independently of the dark matter mass. The terres-
trial experiments of dark matter direct search give the

upper bound on �ðpÞ
SD < several� 10�2 pb by the

SIMPLE [49]. In fact, the most stringent upper bound is
derived from the indirect dark matter search by IceCube

[50] as �ðpÞ
SD & 10�3–10�4 pb, depending on dark matter

mass. Our result can be close to this IceCube bound.

2. MDirac
�c <MW and � ’ 0

Next, we consider the case where MDirac
�c <MW and the

mixing angle � ’ 0. Since the annihilation channel to
WþW� is kinematically forbidden in this case, the Dirac
fermion dark matters mainly annihilate to a light � pair
through the Yukawa coupling. Since we have assumed the
mass spectrum M� >MDirac

�c , even in this case, we may

expect the annihilation of � into W-boson pairs. The
annihilation cross section of Dirac fermion dark matters
is estimated as

�v ’ 9ðNyNÞ4
16
m2

�

T

m�

; (37)

which can be large enough for y ¼ 0:1–1. The spin-
independent/dependent cross sections can be the same as
those in the case with MDirac

�c >MW .

3. Sizable �

Finally we consider the case with a sizable �. In this
case, the cross section with a proton can be enhanced by
the first term in Eq. (27) because the singletlike Higgs (H1)
is light. A portion of parameter space with very light H1

and/or not small y can be excluded by the current bound
from the dark matter direct search experiments.

E. Precision measurement

In our scenario, the dark matter particle is a mixture of
the SUð2Þ doublet and singlet fermions after the electro-
weak symmetry breaking, which causes the isospin viola-
tion, in other words, the mass splitting between up-sector
and down-sector fermions in the SUð2Þ doublet. Such a
mass splitting induces an additional contribution to the 
parameter, whose deviation from 1 is very severely con-
strained, � ¼ � 1 ¼ Oð10�3Þ [51]. Assuming a small

Majorana mass term, yvs=
ffiffiffi
2

p
, we evaluate 1-loop correc-

tions to � via the dark matter fermions with the mass

matrix in Eq (11). For �� > Yv=
ffiffiffi
2

p
, we find

� ’ Y2

4
2

�
�c

�� ��c

�
: (38)

The constraint is satisfied for Y & 0:3 with �� * 3�c .

Thus, our discussion on the direct/indirect detection of
dark matter is consistent with the  parameter constraint.

III. MODEL B

A. Setup

Next we consider another realization of our scenario in
the context of a gauged Uð1ÞB-L extended model. In addi-
tion to the minimal gauged Uð1ÞB-L extension with the
right-handed neutrinos NR and B-L Higgs field �
[52–57], we further introduce a vectorlike pair of SM
singlet fermions (c L;R) with B-L charge �2, another

vectorlike pair of totally singlet fermions (�L;R), and two

B-L charged/uncharged complex scalars (� and �). The
charge assignments are shown in Table II. Here we have
introduced a discrete Z2 parity to ensure the stability of
dark matter particle and a global Uð1Þ symmetry to forbid
Majorana mass terms for the B-L charge neutral fermions.
The Lagrangian relevant for our discussion is given by

�L � 1

2
y ��c

R��R þ 1

2
y ��c

L��L þ 1

2
�Nc
RðY��

yÞNR

þ�� ��L�R þ�c
�c Lc R þ Y �c L��R

þ Y ��L�
yc R þ YN

�c L�
yNR þ H:c:

þ Vð�;�; �;�Þ; (39)

with

Vð�;�; �;�Þ ¼ m2
1j�j2 þm2

2j�j2 þ �1j�j4 þ �2j�j4
þ �3j�j2j�j2 þm2

3j�j2 þ ð�4j�j2
þ �5j�j2 þ �6j�j2Þj�j2 þ �7j�j4
þm2

4j�j2 þ ð�8j�j2 þ �9j�j2Þj�j2
þ �10j�j4 þ �W����y þ H:c:; (40)

where � denotes the SM Higgs doublet field. For simplic-
ity, we have assumed the universal Yukawa coupling con-
stants y and Y. We fix the parameters in the scalar potential
so as for�,� and � to develop VEVs and in this case the
physical Higgs bosons are given by

TABLE II. Particle contents of model B.

Fields SUð2ÞL Uð1ÞY Uð1ÞB-L Z2 parity Global U(1)

c L 1 0 �2 � �1
c R 1 0 �2 � �1
�L 1 0 0 � �1
�R 1 0 0 � �1
� 1 0 �2 þ 0

� 1 0 þ1 � þ1
� 1 0 0 þ þ2
NR 1 0 �1 þ 0
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� ¼ 0
1ffiffi
2

p ðvþ hÞ
 !

; � ¼ 1ffiffiffi
2

p ðv0 þHÞ;

� ¼ 1ffiffiffi
2

p ðvs þ ’Þ
(41)

around their VEVs (v, v0, and vs). The mass eigenstates
are obtained by the unitary rotation

H1

H2

H3

0
BB@

1
CCA ¼

S11 S12 S13

S21 S22 S23

S31 S32 S33

0
BB@

1
CCA

’

h

H

0
BB@

1
CCA; (42)

by which the mass matrix

mass term¼ 1

2
’ h H
� � 2v2

s�7 vvs�4 v0vs�5

vvs�4 2v2�1 vv0�3

v0vs�5 vv0�3 2v02�2

0
BB@

1
CCA

’

h

H

0
BB@

1
CCA

(43)

is diagonalized.

B. Cosmological evolution

When � develops the VEV h�i ¼ v0ffiffi
2

p , the B-L gauge

symmetry is broken. Associated with the symmetry
breaking, the B-L gauge boson (Z0) and the right-handed

neutrinos acquire their masses,m2
Z0 ¼ 4g2B-Lv

02 andmNR
¼

Y�v
0ffiffi

2
p . We set this symmetry breaking at a energy much

higher than the electroweak symmetry breaking. The cur-
rent lower bound on v0 is found to be v0 * 3 TeV [58,59],
and our setup is consistent with it.

Right-handed neutrinos have two decay modes: decays
into lepton and Higgs (NR ! L�) and into � and c
(NR ! c�). As the same as the discussion for model A
in the previous section, the CP-asymmetric decays of the
right-handed neutrinos generate the lepton asymmetry and
the asymmetry of c and �. We assume the scalar � is the
heavier than the other Z2-odd particles. The c asymmetry
generated by NR decay is nothing but the asymmetry of the
dark matter sector. Notice that the same amount of asym-
metry between � and �� is also generated as in model A.

After the B-L symmetry is broken by h�i ¼ v0=
ffiffiffi
2

p
(but

� has not developed the VEV at this moment), Z2-odd
Dirac fermion mass matrix is given by

ð ��L ��
c
R
�c L ��c

RÞM

�c
L

�R

c c
L

c R

0
BBBBB@

1
CCCCCA; (44)

with

M ¼

yh�i �� 0 Y v0ffiffi
2

p

�� yh�i Y v0ffiffi
2

p 0

0 Y v0ffiffi
2

p 0 �c

Y v0ffiffi
2

p 0 �c 0

0
BBBBBBBB@

1
CCCCCCCCA
; (45)

where h�i ¼ 0. The mass eigenstates are mixture of two
Dirac fermions, � and c , and their mass eigenvalues are
given by

MDirac
�c ¼

�� þ�c �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Y2v02 þ ð�� ��c Þ2

q
2

: (46)

The lighter mass eigenstate is nothing but the asymmetric
Dirac fermion dark matter.
The WIMP dark matter scenario in the context of the

gauged B-L model has been investigated before, and it has
been shown that the dark matter annihilation processes are
not efficient. Only in the limited cases with the Higgs
boson resonance [60–62] or the Z0 boson resonance
[62,63], the relic abundance of the dark matter particle
can be lower than the observed value. Therefore, in order
to realize our asymmetric dark matter scenario, we need to
tune the dark matter masses MDirac

�c to be close to half of

either Higgs bosons or Z0 boson masses, and so is the �
mass in order to realize efficient annihilations between �
and ��.
At a low energy where only � is light and the others are

decoupled, the scalar potential is simplified as

Vð�; �;�Þ ’ �m2
�j�j2 þ �7j�j4; (47)

where m2
� ¼ �m2

3 � �4v
2þ�5v

02
2 > 0, and the scalar � de-

velops the VEV. In the early Universe, we consider the
thermal effects on the scalar potential. By the same analy-
sis in the previous section, the thermal mass term for � is
found to be m2

th ’ T2�7=6 in the high-temperature expan-

sions. Thus, the phase transition occurs at the temperature

Tc ’
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6m2

�=�7

q
. Again, we assume a small m� and this

phase transition takes place well after the dark matter and
antidark matter annihilation have frozen-out. The same
arguments on cosmic strings and NG mode for model A
are applicable to this model.
As the same as in the model A, the � decay produce

antidark matter at late time. Since this happens after the
freeze-out of the annihilation processes of dark matters
and �s, the produced antidark matters remain without
annihilations with the same number of density as the
dark matter one.

C. Direct dark matter detection

Once the � has developed the VEV in a late time, the
fermion mass matrix in Eq. (45) has nonzero diagonal
elements and the dark matter particle has taken the form
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of the Majorana fermion. Because of the Majorana nature,
the dark matter particle has the axial vector coupling with
the Z0 boson, while the SM quarks have the vector cou-
pling. As a result, there are no effective couplings between
the dark matter and the SM quarks induced by the Z0 boson
exchange in the nonrelativistic limit. Therefore, for model
B, we only consider the spin-independent elastic scattering
process via Higgs boson exchanges.

The coefficient of the operator Lint ¼ �q�j�j �qq is

found to be

�q¼1

2

X
i

ðN2
j1þN2

j2ÞySi1þ2ðNj2Nj3þNj1Nj4ÞYSi3ffiffiffi
2

p
vM2

Hi

mqSi2;

(48)

where Nij is the unitary matrix to diagonalize the mass

matrix. In the limit yvs � Yv0 for simplicity, �q is re-

duced as

�q ’ 1

2

X
i

ySi1 � 2YSi3

2
ffiffiffi
2

p
vM2

Hi

mqSi2: (49)

D. Benchmark scenarios

As we have discussed above, viable parameter sets are
very limited in order to achieve the large annihilation cross
section for dark matter particles via the enhancement of the
Higgs or Z0 boson resonances. Let us consider two
benchmarks.

1. The Z0 boson resonance

We take the asymmetric dark matter mass to beMDirac
�c ’

MZ0=2, so that the dark matter annihilation cross section is
enhanced [62,63] and the relic dark matter originates from
the dark matter asymmetry in the Universe. Similarly, we
take the �mass to be around half of the heavy Higgs boson
mass. In this case there is little correlation between the
annihilation cross section and the spin-independent cross
section of the dark matter off the nuclei, except the dark
matter mass being half of Z0 boson mass.

2. A Higgs boson resonance

Another benchmark is to fix the dark matter mass
MDirac

�c ’ MHi
=2 and M� ’ MHj

=2 or MZ0=2, where the

Dirac fermion annihilation cross section is enhanced by
the s-channel Higgs resonances and � annihilation cross
section is enhanced by the s-channel Higgs or Z0 reso-
nances as discussed in Refs. [60,61] for similar models. For
simplicity, we fix the dark matter mass to be half of the
SM-like Higgs boson and in this case the structure of our
model is similar to the so-called Higgs portal dark matter
scenario. A representative model is the SM plus a gauge
singlet real scalar as the dark matter [64–67]. Since the
sensitivity of the dark matter direct detection experiments
has been greatly improved, the allowed parameter region of

the model to simultaneously satisfy the constraints from
the relic abundance and the direct detection is very
limited [68–71]: For relatively light dark matter, say
MDM & 1 TeV, the dark matter mass should be around
half of the Higgs boson mass (MDM 
 MH=2). The
correct relic abundance is achieved by the Higgs reso-
nance even though the coupling between the dark matter
and the Higgs boson is very small. On the other hand,
such a small coupling makes the direct detection of the
dark matter very hard. If the dark matter is lighter than
half of the Higgs mass and the dark matter mass is not
just on the Higgs pole, we can find the Higgs portal dark
matter signal at high-energy colliders such as the LHC
[70,71] through the invisible decay of the Higgs boson
into the dark matter particle pair [72,73].
In our model, there is a crucial difference from the Higgs

portal dark matter. For the asymmetric dark matter sce-
nario, the large annihilation cross section is welcomed in
order to completely erase the symmetric part of the relic
abundance of dark matter and antidark matter, leaving only
the asymmetric part. Therefore, it is not necessary for the
coupling between the dark matter and the Higgs boson to
be small. In this case the spin-independent cross section
can be accessible to the future experiments.

IV. SUMMARYAND DISCUSSIONS

We have proposed a novel asymmetric dark matter
scenario. The dark matter particle is initially the Dirac
fermion and the dark matter asymmetry is generated by
the same mechanism as leptogenesis. Through efficient
dark matter annihilation processes, the symmetric part of
the dark matter number density is erased and the dark
matter relic density is determined by the dark matter
asymmetry. After the annihilation processes have frozen-
out, a phase transition of a light scalar field takes place
and generates Majorana mass terms for the dark matter
particles. As a result, the originally asymmetric dark
matter turns into the Majorana fermion. Although the
dark matter behaves as the WIMP at present, its relic
abundance is basically independent of the pair annihila-
tion cross section.
In order to address this scenario in detail, we have

proposed two simple models. The first model is based on
the SM gauge group and no new gauge interaction is
introduced. The dark matter originates from the SUð2ÞL
doublet Dirac fermion and similar to the Higgsino in the
MSSM. Through the coupling with the right-handed
neutrinos, the dark matter asymmetry in the Universe
is generated by the out-of-equilibrium decay of the right-
handed neutrinos, the same mechanism as leptogenesis.
The annihilation cross section through the SUð2ÞL gauge
interaction is large enough to erase the symmetric part of
the dark matter and antidark matter abundance. At a low
energy after the freeze-out of the annihilation process,
the thermal effects for the scalar potential becomes
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smaller, and a light scalar field develops the VEV. The
Majorana mass term generated by the VEV turns the
dark matter particle into the Majorana particle. Due to
this Majorana nature, the dark matter has no spin-
independent interaction with the quarks mediated by
the Z boson. We have estimated the spin independent
and independent elastic scattering cross sections of the
dark matter with a proton and found that the cross
sections can be close to the current experimental bounds
with reasonable model-parameter choices. Therefore, the
dark matter can be detected in the near future.

In the second model, we have introduced an extra
Uð1ÞB-L gauge interaction and all new particles intro-
duced are singlets under the SM gauge group. An effi-
cient Dirac fermion dark matter annihilation is achieved
through the resonance effect by the Higgs or Z0 boson
mediated processes. As a result, the dark matter mass
should be around half of either Higgs or Z0 boson
masses. As in the first model, the phase transition of a
light scalar occurs after the annihilation processes have
been frozen-out, and the dark matter takes the form of
the Majorana fermion at a late time. This second model
is similar to the Higgs portal dark matter scenario. A
crucial difference is that there is no constraint on the
coupling between the dark matter and Higgs bosons from
the dark matter relic abundance, because the relic abun-
dance is determined by the dark matter asymmetry.
Therefore, the spin-independent cross section can be as
large as the current upper limit from the direct dark
matter search experiments, independently of the annihi-
lation cross section. This situation is similar to the non-
thermal dark matter scenario, where the dark matter
particle is produced by unstable relics such as moduli
[74], Q-ball [75], and axino [76].

Finally, we note that the realization of our scenario in the
context of MSSM is challenging because the Majorana
mass terms for the gauginos is always present. Recently,
it has been shown [77] that an extreme parameter choice
can realize the Higgsino to be a viable asymmetric dark
matter candidate.
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APPENDIX A

Here, we note the explicit form of N,

N¼

� Yvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2YvÞ2þðyvsÞ2

p
Dþ

Yvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2YvÞ2þðyvsÞ2

p
Dþ

�1
2Dþ 1

2Dþ

Yvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2YvÞ2þðyvsÞ2

p
D�

� Yvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2YvÞ2þðyvsÞ2

p
D�

�1
2D� 1

2D�

� Yvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2YvÞ2þðyvsÞ2

p
Dþ

� Yvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2YvÞ2þðyvsÞ2

p
Dþ

1
2Dþ 1

2Dþ

Yvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2YvÞ2þðyvsÞ2

p
D�

Yvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2YvÞ2þðyvsÞ2

p
D�

1
2D� 1

2D�

0
BBBBBBBBBB@

1
CCCCCCCCCCA
;

(A1)

with

Dþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ yvsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2YvÞ2 þ ðyvsÞ2

ps
; (A2)

D� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� yvsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2YvÞ2 þ ðyvsÞ2

ps
: (A3)

APPENDIX B: AMPLITUDE

We give explicit formulas of the invariant amplitude
squared for the pair annihilation of Dirac dark matter �
into light singlet scalar � pair:

wðs;!��Þ�1

4

Z
dLIPSjMj2

’ 1

32

ðNyNÞ4

�
FðsÞþGðsÞln

��������aþb

a�b

��������
�
: (B1)

The auxiliary functions that appear above are defined as

FðsÞ � 2

�
�2� ð4m2

� �m2
�Þ2

m2
�ðs� 4m2

�Þ þm4
�

�
; (B2)

GðsÞ � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� 4m2

�

s� 4m2
�

vuut ð�32m4
� � 4m2

�ðsþ 4m2
�Þ þ 16sm2

� þ 6m4
� þ s2Þ

s2 � 6sm2
� þ 8m4

�

; (B3)

aðsÞ � s� 2m2
�; (B4)

bðsÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs� 4m2

�Þðs� 4m2
�Þ

q
: (B5)
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