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The nature of neutrinos, whether Dirac or Majorana, is hitherto not known. Assuming that the neutrinos
are Dirac, which needs B − L to be an exact symmetry, we make an attempt to explain the observed
proportionality between the relic densities of dark matter (DM) and baryonic matter in the present Universe
i.e.,ΩDM ≈ 5ΩB. We extend the Standard Model (SM) by introducing heavy scalar doublets Xi; i ¼ 1, 2
and η, two singlet scalars Φ and Φ0, a vectorlike Dirac fermion χ representing the DM and three right-
handed neutrinos νRi

; i ¼ 1, 2, 3. Assuming B − L is an exact symmetry of the early Universe, the CP-
violating out-of-equilibrium decay of heavy scalar doublets; Xi; i ¼ 1, 2 to the SM lepton doublet L and the
right-handed neutrino νR, generate equal and opposite B − L asymmetry among left (νL) and right (νR)-
handed neutrinos. We ensure that νL − νR equilibration does not occur until below the electroweak (EW)
phase transition during which a part of the lepton asymmetry gets converted to dark matter asymmetry
through a dimension eight operator, which conserves B − L symmetry and remains in thermal equilibrium
above sphaleron decoupling temperature. A part of the remaining B − L asymmetry then gets converted to
a net B asymmetry through EW-sphalerons which are active at a temperature above 100 GeV. To alleviate
the small-scale anomalies of ΛCDM, we assume the DM (χ) to be self-interacting via a light mediator Φ,
which not only depletes the symmetric component of the DM, but also paves a way to detect the DM at
terrestrial laboratories through Φ −H mixing, where H is the SM Higgs doublet.

DOI: 10.1103/PhysRevD.106.095017

I. INTRODUCTION

It is presumed that the early Universe has gone through a
period of exponential expansion called inflation to solve
the cosmological problems. At the end of inflation, the
Universe is reheated to give rise to a thermal bath with
reheating temperature TR ≳ 4 MeV in order to facilitate the
big bang nucleosynthesis (BBN). It is expected that the

different components of the present Universe, such as dark
matter, dark energy and baryonic matter must have been
cooked in a postinflationary thermal bath. At present, the
visible component (baryonic matter) of the Universe is
best understood in terms of the standard model (SM) of
particle physics, which is based on the gauge group
SUð3Þc × SUð2ÞL ×Uð1ÞY . However, the SM fails to
explain many other aspects of the observed Universe, such
as baryon asymmetry, dark matter, dark energy, nonzero but
small neutrino mass etc.
Within the framework of the SM, neutrinos are exactly

massless. However, the solar and atmospheric neutrino
oscillation experiments hint towards the nonzero masses
and mixings of light neutrinos. In fact, this has been further
confirmed by relatively recent oscillation experiments like
T2K [1,2], Double Chooz [3,4], Daya Bay [5–7], Reno [8],
and MINOS [9,10]. For a recent global fit of neutrino
oscillation experiment, we refer to [11]. The neutrino
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masses are also further constrained by cosmology. The
cosmic microwave background radiation data give an upper
bound on the sum of light neutrino masses to be

P
i jmij <

0.12 eV [12]. Thus the data from various sources imply that
neutrinos have mass. However, the nature of neutrino mass,
whether Dirac or Majorana, is not confirmed yet. If the
neutrinos are Majorana, which implies lepton number is
violated by two units, then the seesaw mechanisms: type-I
[13–16], type-II [17–23], type-III [24] or their variants [25]
are the best theoretical candidates to get their sub-eV
masses. It is important to note that all these seesaw
mechanisms and their variants introduce additional heavy
particles to the SM. After integrating out the heavy degrees
of freedom we get the effective dimension five operator
LLHH=Λ, where L,H are lepton and Higgs doublets of the
SM and Λ is the mass scale of heavy degrees of freedom
introduced in the various seesaw mechanisms. After
electroweak phase transition, the dimension-five operator
generates sub-eV Majorana masses of neutrinos. On the
other hand, if the neutrinos are Dirac, then lepton number is
an exact symmetry of nature as it stands now in the SM. In
this case, the sub-eV masses of light neutrinos imply that
the Yukawa coupling involving L̄ H̃ NR, with NR being the
singlet right-handed neutrino, is of Oð10−12Þ, which is
almost six orders of magnitude less than the electron
Yukawa coupling. Thus the sub-eV Dirac mass of light
neutrinos requires substantial fine tuning.
Another important aspect of the SM is the identity of

dark matter, which plays a major role throughout the
evolution of the Universe. Astrophysical evidences from
galaxy rotation curve, gravitational lensing and large-scale
structure of the Universe confirmed the existence of dark
matter [26,27]. In fact, the satellite-borne experiments
WMAP [28] and Planck [29], which measure the temper-
ature fluctuation in the cosmic microwave background
(CMBR), precisely determine the relic abundance of
baryon and dark matter (DM) to be ΩBh2 ¼ 0.02237�
0.00015 and ΩDMh2 ¼ 0.1200� 0.0012 respectively at
68% CL, where ΩDM is the density parameter and h ¼
Hubble Parameter=ð100 km s−1Mpc−1Þ is the reduced
Hubble constant. This implies that the DM abundance is
about five times the baryon abundance: i.e., ΩDM ≈ 5ΩB.
While it is very natural for the Universe to start in a baryon
symmetric manner, the present Universe is highly baryon
asymmetric, giving rise to the long-standing puzzle of the
baryon asymmetry of the Universe (BAU). The observed
BAU is quantitatively expressed by the ratio of baryon
density over antibaryons density to photon density as [30]

ηB ¼ nB − nB̄
nγ

≃ 6.2 × 10−10: ð1Þ

The origin of this asymmetry is also not known along with
the particle nature of DM.

In the well-established ΛCDMmodel, DM is assumed to
be cold and collisionless which is supposed to have
facilitated the structure formation in the early Universe
by providing the necessary gravitational potential for
primordial density fluctuations to grow. However, cosmo-
logical simulations in recent times reveal a few severe
discrepancies of the ΛCDM model at small scales, leading
to anomalies such as the cusp-core problem, missing
satellite problem and too-big-to-fail problem [31,32]. To
alleviate these small-scale ΛCDM anomalies, Spergel and
Steinhardt proposed in 2000 an interesting alternative to
cold dark matter (CDM) in terms of self-interacting dark
matter (SIDM) [33]. Earlier studies in this direction can be
found in [34,35]. SIDM can have large self-scattering cross
sections of Oð10−24 cm2=GeVÞ [36–41], which is way too
larger than typical cross section of Oð10−38 cm2=GeVÞ for
weakly interacting massive particles (WIMPs), a well-
suited class of candidates for CDM scenario. Such large
self-interacting cross sections of DM can be naturally
realized in scenarios where DM has a light mediator. In
such a scenario, self-interaction is stronger for smaller DM
velocities such that it can have a large impact on small scale
structures, while it gets reduced at larger scales due to large
velocities of DM and hence remains consistent with large
scale CDM predictions [36–39,42–45]. The light mediator
also mixes with the SM Higgs paving a way for detecting
DM at direct detection experiments [46,47]. Several model
building efforts have been made to realize such scenarios,
see [48–58] and references therein.
Thus, both the SM and the ΛCDM models are inad-

equate to explain a plethora of mysteries in physics. At
present, the nature of neutrinos, either Dirac or Majorana, is
not confirmed yet. In future, the neutrinoless double beta
decay experiments [59] may shed light on it. In this paper,
assuming neutrinos to be Dirac (i.e., B − L is an exact
symmetry) and the DM to be self-interacting, we make an
attempt to explain simultaneously the three most puzzling
physical phenomena viz. neutrino mass, DM and the
baryon asymmetry of the Universe along with a natural
explanation of the ratio ΩDM ≈ 5ΩB. We extend the SM
with heavy SUð2ÞL scalar doublets Xi, (i ¼ 1, 2), and η,
singlet right-handed neutrinos νiR; (i ¼ 1, 2, 3) and singlet
scalars Φ, Φ0 along with a vectorlike singlet Dirac fermion
χ which represents the SIDM candidate. Since we assume
that B − L is an exact symmetry, the CP-violating out-of-
equilibrium decay of the lightest X: i.e., X → HΦ0 and
X → LνiR generates equal and opposite B − L asymmetry
between νL and νR [60–66]. After Φ0 and H acquire
vacuum expectation values (VEV), we get Dirac mass of
neutrinos of appropriate order. By introducing an additional
Uð1ÞD symmetry (which forbids L̄ H̃ νR coupling) we
ensure that νL − νR equilibration does not occur until
below the electroweak (EW) phase transition during which
a part of the lepton asymmetry gets converted to dark
matter asymmetry through a dimension eight operator:

DUTTA, NARENDRA, SAHU, and SHIL PHYS. REV. D 106, 095017 (2022)

095017-2



O8 ¼ 1
M4

asy
χ̄2ðLHÞ2 [67–71], Masy being fixed by the mass

and relevant couplings of η. A part of the remaining B − L
asymmetry then gets converted to a net B asymmetry
through EW-sphalerons which are active at a temperature
above 100 GeV. The singlet scalar Φ not only mediates the
self-interaction among the DM particles, but also helps in
depleting the symmetric component of the DM. Moreover
it mixes with the SM Higgs providing a portal for detecting
the DM at terrestrial laboratories. We constrain the scalar

portal mixing with recent data from experiments like
CRESST-III and XENON1T. The pictorial presentation
can be seen in Fig. 1.
The paper is arranged as follows. In Sec. II, we explain

the model for simultaneous explanation of SIDM, baryon
asymmetry and Dirac mass of the light neutrinos. In
Sec. III, we explain the Dirac leptogenesis mechanism
and production as well as relic density of DM. In Sec. IV,
we find the parameter space for sufficient self-interaction
with desired velocity dependence followed by a discussion
on the direct detection prospects of the SIDM in Sec. V. In
Sec. VI, we discuss the parameter space for light neutrino
mass and conclude in Sec. VII.

II. THE MODEL

We extend the SM, which is based on the gauge group:
SUð3Þc × SUð2ÞL ×Uð1ÞY , with Uð1ÞD × Uð1ÞB−L global
symmetries. The particle contents of the model are shown
in Table I along with their quantum numbers under the
imposed symmetry. The scalar sector consists of heavy
scalar doublets Xi, (i ¼ 1, 2) and η, and two singlet scalars
Φ, Φ0; while the fermion sector consists of a vectorlike
Dirac fermion χ along with three heavy right-handed
neutrinos νRi

; (i ¼ 1, 2, 3), all singlet under the SM gauge
group. All these particles carry nontrivial charges under
Uð1ÞD symmetry, while the SM particles remain neutral.
Under the extended symmetries, the Majorana mass terms
of χ and νR are forbidden.
Owing to the symmetry and the charge assignment as

shown in Table I, the Lagrangian of the model can be
written as1

−L ⊃ mχ χ̄χ þ λDχ̄χΦþ yL̄ χ̃ νR þ ρΦ0�X†H þ λχ̄Lηþ H:c:þ VðX; η; H;Φ;Φ0Þ; ð2Þ

where

Vðη; H; Φ; Φ0Þ ¼ M2
ηðη† ηÞ þ ληðη† ηÞ2 þ λ0ηH ðη† ηÞðH†HÞ þ ½ληHðη†HÞ2 þ H:c:�

− μ2HH
†H þ λHðH†HÞ2 þ 1

2
m2

ϕΦ2 þ 1

3
μΦΦ3 þ 1

4
λΦΦ4 − μ2ΦðΦ0†Φ0Þ þ λΦ0 ðΦ0†Φ0Þ2

þ μ1ffiffiffi
2

p ΦH†H þ μ2ffiffiffi
2

p ΦðΦ0†Φ0Þ þ λHΦ
2

H†HΦ2 þ λHΦ0H†HðΦ0†Φ0Þ þ λΦΦ0

2
Φ2ðΦ0†Φ0Þ: ð3Þ

The term ληHðη†HÞ2 þ H:c: in the potential (3), breaks
the Uð1ÞD symmetry softly to a remnant Z2 symmetry
under which η and χ are odd, while all other particles are
even. We assume that η doesn’t acquire a VEV in order to
preserve the remnant Z2 symmetry. ConsideringMη ≫ Mχ ,
χ becomes the viable DM candidate. In this way, we ensure

FIG. 1. Pictorial representation shows: (i) the generation of
neutrino mass, (ii) the generation of the B − L asymmetry in the
lepton sector. The sphalerons above electroweak (EW) phase
transition (TEW) transfers a part of B − L asymmetry to the
observed B-asymmetry, while the higher dimension operator O8

is in thermal equilibrium above EW-phase transition, at T > TEW,
cooks a net DM asymmetry out of the existing B − L asymmetry.
TheΦ −H mixing provides a bridge between the visible and dark
sectors.

1For simplicity we suppress the indices and state when they
require explicitly.

TABLE I. The additional particle content and their quantum
numbers under the imposed symmetry.

Fields SUð2ÞL Uð1ÞY Uð1ÞD Uð1ÞB−L
Xi 2 þ1 −1 0
η 2 þ1 1=2 0
νR 1 0 −1 −1
Φ0 1 0 þ1 0
Φ 1 0 0 0
χ 1 0 1=2 −1
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the stability to DM χ as well as the theory escapes from
having a Goldstone boson.
The Lagrangian terms λχ̄Lηþ ληHðη†HÞ2 þ H:c: give

rise to a dimension-eight transfer operator via the Feynman
diagram shown in top panel of Fig. 2. In the later part of the
draft, we will show that this operator transfers the lepton
asymmetry from visible sector to dark sector. At low
energy, upon integrating out the heavy scalar η, we get
the dimension-eight operator [67–71]

O8 ¼
λ2ληH χ̄LHHχ̄L

M4
η

≡ χ̄2ðLHÞ2
M4

asy
; ð4Þ

where M4
asy ¼ M4

η=ðλ2ληHÞ. Similarly, the Lagrangian
terms yL̄ X̃ νR þ ρΦ0�X†H lead to an effective dimen-
sion-five operator by integrating out the heavy scalar field
X at low energy. The Feynman diagram for this dimension-
five operator O5 ¼ y ρ

M2
X
L̄HΦ0νR is shown in the bottom

panel of Fig. 2.
In writing down the scalar potential as given in Eq. (3),

we assume that the scalar doublet X being very heavy, do
not participate in low-energy phenomenology and have
implications only in leptogenesis. Here μ2H;m

2
ϕ; μ

2
Φ0 > 0.

We further assume that μΦ and λΦ are small. As a result, Φ
acquires a nonzero VEV through the trilinear terms
μ1ΦðH†HÞ and μ2ΦðΦ0†Φ0Þ, which are proportional to
the coupling constants μ1 and μ2, respectively. The fluc-
tuations of the fields Φ0, H, and Φ around their corre-
sponding VEV’s can be written as

Φ0 ¼ wþ ϕ0ffiffiffi
2

p ; H ¼
�

0

vþhffiffi
2

p

�
and Φ ¼ uþ ϕ: ð5Þ

From Eq. (3), the stationary conditions are obtained as

w

�
−μ2Φ0 þ λΦ0w2 þ μ2ffiffiffi

2
p uþ λHΦ0

2
v2 þ λΦΦ0

2
u2
�

¼ 0;

v

�
−μ2H þ λHv2 þ

μ1ffiffiffi
2

p uþ λHΦ0

2
w2 þ λHΦ

2
u2
�

¼ 0;

u

�
m2

ϕ þ μΦuþ λΦu2 þ
λHΦ

2
v2 þ λΦΦ0

2
w2

�

þ μ1
2

ffiffiffi
2

p v2 þ μ2
2

ffiffiffi
2

p w2 ¼ 0: ð6Þ

Assuming μΦ ≪ mΦ ∼ 10−3 GeV and λΦ ≪ 1, we can
drop the terms proportional to Oðu2Þ and Oðu3Þ. In this
limit, Eq. (6) can be rewritten as

w

�
−μ2Φ0 þ λΦ0w2 þ μ2ffiffiffi

2
p uþ λHΦ0

2
v2
�
¼ 0;

v

�
−μ2H þ λHv2 þ

μ1ffiffiffi
2

p uþ λHΦ0

2
w2

�
¼ 0;

u

�
m2

ϕ þ
λHΦ

2
v2 þ λΦΦ0

2
w2

�
þ μ1
2

ffiffiffi
2

p v2 þ μ2
2

ffiffiffi
2

p w2 ¼ 0: ð7Þ

Thus, the VEVs of the fields Φ0, H and Φ are obtained as

w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2Φ0 − μ2ffiffi

2
p u − λHΦ0

2
v2

λΦ0

s
;

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2H − μ1ffiffi

2
p u − λHΦ0

2
w2

λH

s
;

u ¼ −ðμ1v2 þ μ2w2Þ
2

ffiffiffi
2

p �
m2

ϕ þ λHΦ
2
v2 þ λΦΦ0

2
w2

� : ð8Þ

The smallness of u in Eq. (8) can be justified by
assuming μ1, μ2 → 0. The squared mass matrix for the
neutral components of three scalar fields Φ0, H and Φ viz.
ϕ0; h;ϕ can be written in the basis ðϕ0; h;ϕÞ as
0
BBB@

2λΦ0w2 1
2
λHΦ0vw 1

2
ðμ2wffiffi

2
p þλΦΦ0uwÞ

1
2
ðλHΦ0vwÞ 2λHv2

1
2
ðμ1vffiffi

2
p þλHΦvuÞ

1
2
ðμ2wffiffi

2
p þλΦΦ0uwÞ 1

2
ðμ1vffiffi

2
p þλHΦvuÞ m2

ϕþ λHΦ
2
v2þ λΦΦ0

2
w2

1
CCCA:

ð9Þ

As we need light messengers (in MeV scale) to realize
sufficiently large DM self-interaction, which also helps in

FIG. 2. Top: Feynman diagram of the dimension-eight operator.
Bottom: Feynman diagram of the dimension-five operator.
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annihilating away the symmetric component of DM, we
consider the induced VEV uof the field Φ to be very small
compared to that of SM Higgs. The details of the
diagonalization is given in Appendix B. After complete
diagonalization, we are left with three mass eigenstates
h1, h2, and h3. The eigenstate h1 with mass mh1 ≈mh ¼
125.18 GeV can be identified as the SM Higgs. The
eigenstate h2 with mass mh2 ∼mΦ0 ∼ 105 has implications
in addressing the neutrino mass and the extra light scalar
h3 with mass mh3 ∼mϕ (≈MeV scale) mediates the DM
self-interaction and annihilates away the symmetric DM
component.
The second term of Eq. (2) gives rise to scalar mediated

DM self-interaction via the Feynman diagram shown in the
left panel of Fig. 3. The third and fourth terms are
responsible for two CP-violating out-of-equilibrium
decays, X → LνiR and X → HΦ0 that generate equal and
opposite B − L asymmetry between νL and νR, required for
leptogenesis [72–87]. The dimension-eight operator O8

remains in thermal equilibrium until below the electroweak
phase transition, during which it transfers the lepton
number to the DM number in a B − L conserving way
in order to establish a proportionality between DM and
baryon densities. The strong Yukawa couplings of SM
charged leptons rapidly cancel the left and right-handed
numbers through the Left-Right equilibration processes.
But the situation is different for neutrinos due to their tiny
Yukawa couplings. They equilibrate after the sphalerons go
out of thermal equilibrium. By that time the sphalerons
convert a part of left-handed neutrino asymmetry to the
desired B asymmetry [88–95], while the dimension-eight
operator O8 keeps on cooking a net DM asymmetry from
the existing neutrino asymmetry [96–127]. This mecha-
nism directly connects the small Dirac neutrino masses
to the DM abundance and the baryon asymmetry of the
Universe.
The scalar ϕ is sufficiently light and mediates the self-

interaction between the DM particles. Interestingly, the
symmetric component of DM depletes via its annihilation
into ϕ via the Feynman diagram depicted in the right panel
of Fig. 3. Moreover, it mixes with the SM Higgs and paves
a path to detect the DM at direct-search experiments. The
VEVs of singlet scalar hΦ0i ¼ w and SM-Higgs hHi ¼ v
gives small neutrino masses via higher-dimension operator

O5 ¼ y ρ
M2

X
L̄HΦ0νR, where the heavy scalar mass sup-

presses the weak scale.

III. DIRAC LEPTOGENESIS
AND THE DM RELIC DENSITY

As the Universe cools down, the heavy scalar doublet X
which is assumed to have existed in the early Universe,
goes out of thermal equilibrium below its mass scale
and decay in a CP-violating way through the channels;
X1 → LνR and X1 → HΦ0 creating an equal and opposite
B − L asymmetry in both left- and right-handed sector,
see Eq. (2). The total decay rate of X1 is given by

ΓX1
¼ 1

8π

�
y21 þ

ρ21
M2

X1

�
MX1

¼ 1

8π
ðy21 þ f21ÞMX1

; ð10Þ

where ρ1 and y1 are the trilinear and the Yukawa couplings
respectively and in the second line of Eq. (10), we have
defined the dimensionless parameter f1 ¼ ρ1

MX1
, MX1

being

the mass of the heavy scalar X1. To get the adequate
lepton asymmetry, the dominant decay channel must be
X1 → LνR, for which the branching ratio BLðX1 → LνiRÞ is
given by

BLðX1 → LνRÞ ¼
ðy21MX1

Þ=8π
ΓX1

¼ 1

1þ f2
1

y2
1

: ð11Þ

We assume BLðX1 → LνRÞ ∼ 0.9 in order to generate the
desired lepton asymmetry. Therefore, f1 and y1 differ
roughly by an order magnitude. Since parameters f1 and
y1 are also used in Sec. VI to explain tiny neutrino mass
as y1 ∼Oð10−4Þ and f1 ∼Oð10−5Þ, we stick to region
f1; y1 ≲ 10−4 in this section. Demanding ΓX1

≲H at

T ¼ MX1
, where H ¼ 1.67g1=2� T2=MPl is the Hubble

expansion parameter, we get MX1
≲ 1010 GeV for

f1; y1 ≲ 10−4. For the CP asymmetry to be nonzero, we
require at least two doublet scalars Xi; i ¼ 1, 2. With just
one X, the CP asymmetry will be zero as the imaginary part
of the couplings become zero, which can be seen in

FIG. 3. Left: Feynman diagram for elastic DM self-interaction.
Right: Dominant annihilation mode for the symmetric component
of DM χ.

FIG. 4. Tree-level and self-energy correction diagrams, whose
interference give arise to a net CP violation in the decay of ζ1.
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Eq. (11). In presence of these doublet scalars and their
interactions, they form a mass matrixM2

�. By diagonalizing
this mass matrix, we get new mass eigenstates ζ�1 and ζ�2 .
See for more details [128,129].
We assume a hierarchy among the masses of ζ�1 and ζ�2

such that the final asymmetry is generated via the decay of the
lightest one ζ�1 . TheCPviolation arises via the interference of
tree-level and one-loop self-energy correction diagrams of
lightest scalar doublet ζ�1 as shown in Fig. 4.
The generated asymmetry in the visible sector is then

given by

ϵL ¼ ½BLðζ−1 → l−νRÞ − BLðζþ1 → ðl−ÞcνcRÞ�

¼ −
Imðρ�1ρ2

P
k;ly

�
1kly2klÞ

8π2ðM2
ζ2
−M2

ζ1
Þ

�
Mζ1

Γζ1

�
; ð12Þ

where BL is the branching ratio for ζ�1 → l�νR and
Mζi ; i ¼ 1, 2 are the masses of heavy doublet scalars.
Here ρ1;2 are respectively the mass dimension coupling
of X1;2 with Φ0H, while y1;2 are the respective Yukawa
couplings of X1;2 with LνR. We get a net B − L asymmetry
[71,130–132].

ðnB−LÞtotal ¼ ϵLκs ×
neqζ1 ðT → ∞Þ

s
; ð13Þ

where ðneqζ1 =sÞðT → ∞Þ ¼ 135ζð3Þ=ð4π4g�Þ is the relativ-
istic equilibrium abundance of ζ�1 , where ζð3Þ ¼ 1.202.
s ¼ ð2π2=45Þg�T3 is the entropy density of the comoving
volume. κ is the washout factor, which arises due to inverse
decay and scattering processes. It can vary between 0 to 1
depending on the strength of the Yukawa coupling. For
definiteness we choose κ ¼ 0.01. The B − L asymmetry in
the visible sector can be generated by solving the relevant
coupled Boltzmann equations given by Eq. (14) [129]. In
Fig. 5 we show the evolution of the number density of ζ1,
i.e., Yζ1 and the B − L asymmetry YB−L by solving the
Boltzmann equations as given below,

dYζ1

dx
¼ −

x
HðMζ1Þ

shσjvjðζ1ζ1→AllÞi½Y2
ζ1
− ðYeq

ζ1
Þ2�

−
x

HðMζ1Þ
Γðζ1→AllÞ½Yζ1 − Yeq

ζ1
�

dYB−L

dx
¼ x

HðMζ1Þ
½ϵLΓðζ1→AllÞBLðYζ1 − Yeq

ζ1
Þ − ΓWYB−L�;

ð14Þ

where ΓW in the second equation takes care of the washout
effects corresponding to inverse decay and scattering.
The decay and the inverse decay of ζ�1 are related by
Γinv ¼ ðYeq

ζ1
=Yeq

l ÞΓðζ1→AllÞ. The inverse decay of ζ�1 falls
exponentially after the latter goes out-of-equilibrium.

Similarly the lepton number conserving 2 → 2 scattering
processes: νRΦ0 → LH, νRH → LΦ0, νRL̄ → HΦ0 medi-
ated by X particles are suppressed due to the small Yukawa
couplings required for generating light neutrino masses of
Dirac type in Sec. VI. The resulting B − L asymmetry is
shown by the red dot-dashed line in Fig. 5.
In the following we discuss the distribution of the

generated B − L asymmetry between the visible sector
and the dark sector. Once the B − L asymmetry is gen-
erated in the visible sector, the dimension-8 operator O8 ¼
1

M4
asy
χ̄2ðLHÞ2 transfers it partially to the dark sector [68].

This requires the O8 operator to be in thermal equilibrium
above the sphaleron decoupling temperature Tsph. For
Higgs mass Mh1 ¼ 125 GeV, Tsph ≳MW , where MW is
the W-boson mass. As discussed in Refs. [71,133], the O8

operator remains in thermal equilibrium down to a temper-
ature TD ≳ Tsph ¼ MW for Masy ≳ 0.9 × 104 GeV. As a
result the DM remains in thermal contact with the visible
sector via this O8 operator down to a decoupling temper-
ature TD ≳ Tsph ¼ MW , during which a net B − L asym-
metry of the χ particles is generated.The details of the
chemical equilibrium calculation are given in Appendix A.
The number density of χ is then given by

nχ ¼ ðnB−LÞdark ¼
58

291
ðnB−LÞvis: ð15Þ

FIG. 5. Abundance of B − L and ζ1 as a function of dimen-
sionless variable x ¼ Mζ1=T. The red dot-dashed line shows the
abundance of B − L asymmetry, where ϵL ¼ 10−6. The green
dot-dashed line shows the abundance of ζ1. The blue dotted line
shows the equilibrium abundance of ζ1. Here, we have taken
y1 ¼ 10−4, ρ1 ¼ 105 GeV and Mζ1 ¼ 1010 GeV.
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The total B − L asymmetry created in the early
universe is through out-of-equilibrium decays of ζ1
and it is the only source of B − L asymmetry in both
dark and visible sectors. So we have the following
condition,

ðnB−LÞtotal ¼ ðnB−LÞvis þ ðnB−LÞdark
¼ 349

291
ðnB−LÞvis: ð16Þ

Comparing Eq. (16) with Eq. (13) and using nB ¼
0.31ðnB−LÞvis [71], we get the required CP asymmetry
for observed lepton abundance to be ϵL ¼ 141.23ðη=κÞ.
For κ ∼ 0.01, the required CP asymmetry is ϵL ∼ 10−6.
Using Eq. (16) in nB ¼ 0.31ðnB−LÞvis and Eq. (15)
we get

nB ¼ 90

349
ðnB−LÞtotal; nχ ¼

58

349
ðnB−LÞtotal ð17Þ

Therefore,

nχ
nB

¼ 58

90
: ð18Þ

The expression for the relic of the asymmetric dark
matter component is given by

Ωasy ¼ nχmχ=ρc; ð19Þ

where ρc is the critical density. For fully asymmetric dark
matter ΩDM ¼ Ωasy, so we have

ΩDM

ΩB
¼ Ωasy

ΩB
¼ nχmχ

mBnB
¼ 58

90
mχ : ð20Þ

From WMAP and Planck data, we have the
ratio between dark matter density to baryonic matter
density,

ΩDM

ΩB
∼ 5: ð21Þ

Using Eqs. (20) and (21) we can get the dark matter mass
for fully asymmetric dark matter to be mχ¼ 7.76 GeV.
Now, if we consider that the dark matter is not fully
asymmetric, instead it contains both symmetric and asym-
metric components,

ΩDMh2 ¼ ðΩsym þΩasyÞh2 ¼ 0.12: ð22Þ

Therefore the percentage of the dark matter relic con-
tributed by asymmetric part is given by

ADMð%Þ ¼ Ωasy

ΩDM
× 100 ¼ Ωasy

Ωsym þ Ωasy
× 100: ð23Þ

Using Eqs. (21) and (23) we have

Ωasy

ΩB
¼ 5 ×

Ωasy

Ωsym þΩasy
¼ 5 ×

ADMð%Þ
100

: ð24Þ

Using Eqs. (20) and (23) we canwrite the darkmatter mass
for general scenario, where both symmetric and asymmetric
component contributing to the dark matter relics as

mχ ¼
90

58
× 5 ×

ADMð%Þ
100

: ð25Þ

So depending on how much asymmetric relic contributes to
the total DM relic, the mass of the dark matter will change
accordingly from the above equation.
In this general scenario, the symmetric component con-

tributing to the total relic is ð100 − ADMÞ%. So we have

100 − ADMð%Þ ¼ Ωsym × 100

Ωsym þ Ωasy

¼ Ωsym

ΩDM
× 100 ¼ Ωsymh2

0.12
× 100;

⇒ Ωsymh2 ¼
100 − ADMð%Þ

100
× 0.12: ð26Þ

The relics of the symmetric component is determined by the
thermal average of its annihilation cross section, given by

Ωsymh2 ¼
8.7661 × 10−11ffiffiffiffiffiffi

g�s
p

J
; ð27Þ

where J is given by

J ¼
Z

∞

xf

hσviχ̄χ→ϕϕ

x2
dx: ð28Þ

where hσviχ̄χ→ϕϕ is the thermally averaged cross section of
the dominant annihilation process χ̄χ → ϕϕ shown in the
right panel of Fig. 3, which can be roughly estimated to be

hσviχ̄χ→ϕϕ ≈
3

4

λ4D
16πm2

χ
: ð29Þ

The amount of annihilation can be very large or small
depending on the value of λD. This fixes the contribution
of the symmetric (and hence the asymmetric) component to
the total DM relic density which in turn fixes the DM mass.
Using Eqs. (26), (27), (28), and (29), we can determine
the λD parameter with respect to ADM percentage (or
equivalently DM mass), which is depicted by the dashed
blue curve in the left panel of Fig. 6. Considering ADM
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component to vary within 1–99.99%, the parameter λD varies
within 0.005–0.15 and correspondingly allowed DM mass
range is 0.07–7.76 GeV.
For fully asymmetric dark matter, i.e.,

ADMð%Þ > 99.99%, the relics of the symmetric compo-
nent should be very small, which requires large λD (∼0.15)
for efficient annihilation of the symmetric component. Such
a large λD in turn give rise to sufficient self-interaction
among the DM particles mediated by the light scalar ϕ as
depicted in the left panel of Fig. 3. We rule out the region
λD < 0.02 (correspondingly mχ < 1.3 GeV) in the top
panel of Fig. 6 due to insufficient self-interaction

(σ=mDM < 10−24 cm2=GeV) which can not alleviate the
small scale anomalies of ΛCDM. We elaborate the details
of DM self-interaction in Sec. IV. For a fully ADM
scenario, the evolution of the relic abundance of the
symmetric component is shown in the right panel of
Fig. 6 by solving the relevant Boltzmann equation for
the comoving number density of the symmetric component
Yχ;sym ¼ nχ;sym

s , where nχ;sym is the actual number density
and s is the entropy density. The Boltzmann equation is
given by

dYχ;sym

dx
¼ −

sðmχÞ
HðmχÞ

hσviχ̄χ→ϕϕðY2
χ;sym − ðYeq

χ Þ2Þ; ð30Þ

where sðmχÞ and HðmχÞ are the entropy density and the
Hubble parameter as a function of DM mass defined as

sðmχÞ ¼
2π2

45
g�m3

χ ; HðmχÞ ¼
πffiffiffiffiffi
90

p
ffiffiffiffiffi
g�

p
Mr

pl
m2

χ ;

whereMr
pl ¼ 2.44 × 1018 GeV is the reduced Planck mass

and Yeq
χ is the equilibrium DM number density.

IV. DARK MATTER SELF-INTERACTION

The DM χ has elastic self-scattering, mediated by the
light scalar ϕ as depicted by the Feynman diagram shown
in left panel of Fig. 3, thanks to the interaction term λDχ̄χϕ
in the model Lagrangian given by Eq. (2). The scattering in
nonrelativistic limit is well described by the attractive
Yukawa potential,

VðrÞ ¼ λ2D
4πr

e−mϕr: ð31Þ

To capture the relevant physics of forward scattering
divergence, we define the transfer cross section σT as
[31,37,45]

σT ¼
Z

dΩð1 − cos θÞ dσ
dΩ

: ð32Þ

Depending on the masses of DM (mχ) and the mediator
(mϕ), as well as the relative velocity of the colliding
particle (v) and the coupling (λ2D), we can identify three
distinct regimes. The Born regime (λ2Dmχ=ð4πmϕÞ ≪
1; mχv=mϕ ≥ 1) is where the perturbative calculation holds
good. Outside the Born regime, we have the classical
regime (λ2Dmχ=ð4πmϕÞ ≥ 1; mχv=mϕ ≥ 1) and the resonant
regime (λ2Dmχ=ð4πmϕÞ ≥ 1; mχv=mϕ ≤ 1) where nonper-
turbative and quantum-mechanical effects become impor-
tant. The self-interaction cross sections in these regimes are
listed in Appendix C. In the left panel of Fig. 7, we show
the self-interaction allowed parameter space in mχ −mϕ

FIG. 6. Left: λD vs ADM(%) plot with corresponding DMmass
in order to satisfy the correct relic density. The magenta shaded
region is excluded due to insufficient DM self-interaction. Right:
Underabundant relic of symmetric component of the DM as
depicted by the dot-dashed red curve. The equilibrium number
density is depicted by the dotted blue curve.
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plane obtained by constraining σ=mχ in the correct ballpark
from astrophysical data across different scales. We con-
strain σ=mχ in the range 0.1–100 cm2=g for dwarf galaxies
(v ∼ 10 km=s) as shown by the three shades of blue
coloured region as indicated in the figure inset. The light
magenta coloured region depicts the parameter space
allowed for galaxies (σ=mχ ∼ 0.1–10 cm2=g), while the
green colored region depicts the parameter space allowed
for clusters (σ=mχ ∼ 0.1–1 cm2=g). The masses of DM and
the mediator for which all three regions overlap will
alleviate the small scale anomalies across all scales. The
top (bottom) corner corresponds to the classical (Born)
region, where the cross section depends on velocity

trivially. The sandwiched region between these two is
the so-called resonant region, where quantum mechanical
resonances and antiresonances appear due to (quasi)bound
state formation in the attractive potential. The resonances
and antiresonances are most prominent at the dwarf scale
due to the lower velocity of the DM particles and gradually
becomes less prominent towards galaxy and cluster scales
as DM velocity increases and less likely to be bounded. For
a coupling λD, the conditionmχv=mϕ < 1 dictates the onset
of nonperturbative quantum mechanical effects, which is
easily satisfied by smaller velocities. We have considered in
the left panel of Fig. 7, λD ¼ 0.15 which corresponds to
fully asymmetric DM and also is just at the correct ballpark
for sufficient self-interaction allowing maximum parameter
space in the mχ −mϕ plane. For lower values of λD (which
means DM is not fully asymmetric), the parameter space
where desired cross sections can be obtained gradually
decreases. For λD < 0.02, the obtained cross sections are
below the ballpark of σ=mχ ∼ 0.1 cm2=g, insufficient to
alleviate the small-scale ΛCDM anomalies.
The self-scattering cross section per unit DM mass as a

function of average collision velocity obtained from the
model fits to data from dwarfs (red), low surface brightness
(LSB) galaxies (blue), and clusters (green) [43,134] as
shown in the bottom panel of Fig. 7. The purple curve
corresponds to the benchmark point of fully asymmetric
DM (mχ¼7.76GeV) withmϕ ¼ 0.01 GeV and λD ¼ 0.15.
We depict this point with a red star mark in Fig. 7 as well.
The brown curve corresponds to the benchmark point of
mχ¼ 1.5 GeV with mϕ ¼ 0.001 GeV and λD ¼ 0.025
which just cuts the mark to give sufficient self-interaction
as shown in the top panel of Fig. 6. The magenta curve
corresponds to an intermediate case with mχ¼ 5 GeV,
mϕ ¼ 0.003 GeV and λD ¼ 0.05. Hence, it is clear from
the bottom panel of Fig. 7 that the model can appreciably
explain the astrophysical observation of velocity-dependent
DM self-interaction.

V. DM DIRECT SEARCH

The SIDM can be detected at terrestrial laboratories
through ϕ − h mixing (θϕh), via its scattering off the target

FIG. 7. Left: Self-interaction cross section in the range
0.1–1 cm2=g for clusters (v ∼ 1000 km=s), 0.1–10 cm2=g for
galaxies (v ∼ 200 km=s.) and 0.1–1000 cm2=g for dwarfs
(v ∼ 10 km=s). Right: The self-interaction cross section per unit
mass of DM as a function of average collision velocity.

FIG. 8. Spin-independent DM-nucleon scattering via scalar
mixing.
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nuclei as depicted by the Feynman diagram shown in
Fig. 8. the scattering cross section of DM per nucleon can
be expressed as

σϕ−hSI ¼ μ2r
4πA2

½Zfp þ ðA − ZÞfn�2; ð33Þ

where μr ¼ mχmn

mχþmn
is the reduced mass of the DM-nucleon

system. Here mn is the nucleon (proton or neutron) mass,
A and Z are respectively the mass and atomic number of the
target nucleus, fp and fn are the interaction strengths of
proton and neutron with DM respectively, given as

fp;n ¼
X

q¼u;d;s

fp;nTq
αq

mp;n

mq
þ 2

27
fp;nTG

X
q¼c;t;b

αq
mp;n

mq
; ð34Þ

where

αq ¼ λDθϕh

�
mq

v

��
1

m2
ϕ

−
1

m2
h

�
: ð35Þ

In Eq. (34), the values of fp;nTq
can be found in [135].

The mixing angle θϕh can be derived in terms of the
parameters λHΦ; hΦi; v; mϕ; mh. Depending on the value of
λHΦ, the ϕ − h mixing can be very small or large. θϕh gets
an upper bound from invisible Higgs decay (since typically
mϕ < mh), while it has a conservative lower bound from
the big bang nucleosynthesis (BBN)(since τϕ < τBBN in
order to keep BBN predictions intact) [57]. Using Eqs. (34)
and (35), the spin-independent DM-nucleon scattering
cross section in Eq. (33), can be reexpressed as

σϕ−hSI ¼ μr
2λDθ

2
ϕh

πA2

�
1

m2
ϕ

−
1

m2
h

�
2

×

�
Z

�
mp

v

��
fpTu þ fpTd þ fpTs þ

2

9
fpTG

�

þ ðA − ZÞ
�
mn

v

��
fnTu þ fnTd þ fnTs þ

2

9
fnTG

��
2

:

ð36Þ

Among the direct search experiments, CRESST-III [136]
provides the most severe constraint on DM mass below
10 GeV, while XENON1T [137] provides the stringent
constraints for DM mass above 10 GeV. In Fig. 9 these
constraints are shown on the mχ −mϕ plane against the
self-interaction favoured parameter space. The blue (pur-
ple) colored contours denote exclusion limits from
XENON1T (CRESST-III) experiment for specific ϕ − h
mixing parameter θϕh. The region to the left of each contour
is excluded for that particular θϕh. It is seen from Fig. 9 that
direct search experiments severely constrain the self-
interaction favoured parameter space. In particular, for

mχ ¼ 7.76 GeV and mϕ ¼ 0.01 GeV, θϕh > 10−9 has
already been ruled out. The red star mark depicts the
benchmark point for fully asymmetric DM.

VI. NEUTRINO MASS

We explain neutrino mass through the higher-dimension
operator,

LDirac ¼ −y1
ρ1
M2

X1

L̄HΦ0νR − y2
ρ2
M2

X2

L̄HΦ0νR; ð37Þ

which is a Dirac-type dimension-five operator [90], where
the trilinear coupling ρ has mass dimension. This operator
shares the essential features of conventional Majorana-type
dimension-five operator [13–16,138]. The Feynman graph
for the operator is shown in Fig. 10. We get small Dirac
neutrino mass after the SM-Higgs H and Φ0 acquire VEV’s
hHi ¼ v and hΦ0i ¼ w, respectively,

Mν ≃ y1
ρ1vw
M2

X1

þ y2
ρ2vw
M2

X2

: ð38Þ

Again, using the definition f1;2 ¼ ρ1;2
MX1;2

, we can write

Mν ≃ y1f21v
w
ρ1

þ y2f22v
w
ρ2

: ð39Þ

The mass of the heavy scalars X1;2 i.e., MX1;2
is already

decided from the requirement of Dirac leptogenesis to be of
Oð1010;11Þ GeV (see Sec. III). To explain the neutrino mass
of the order of 0.1 eV, we pick a particular solution

FIG. 9. Self-interaction allowed parameter space constrained by
DM direct search in the plane of ðmχÞ versus ðmϕÞ.
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for y1;2 and f1;2, say y1 ¼ 2.2 × 10−4, y2 ¼ 1.1 × 10−4 and
f1 ¼ 7.3 × 10−5, f2 ¼ 1.1, which also explains success-
fully the lepton asymmetry in Sec. III. The other parameter
which appear to achieve neutrino mass of Oð10−10Þ GeV
is w ¼ 102.7 GeV.
Thus the parameters y, ρ andMX are the bridging ligands

for leptogenesis and neutrino mass. A typical set of
parameters for which the model actually satisfies all the
relevant phenomenology simultaneously can be given as
y1 ¼ 2.2 × 10−4, y2 ¼ 1.1 × 10−4, ρ1 ¼ 7.3 × 105 GeV,
ρ2 ¼ 1.1 × 1011 GeV, Mζ1 ¼1010GeV, Mζ2 ¼ 1011 GeV,
mϕ ¼ 0.003–0.03 GeV, θϕh ≤ 10−9, ω ¼ 102.7 GeV, v¼
246GeV, u∼10−2−10−3GeV, λH¼0.129; λ0ϕ∼1;μ1∼μ2∼
−10−12GeV; λHΦ0∼10−3; λHΦ∼10−10; λΦΦ0∼10−10. Note
that in the above, we use a range of mϕ values (which
give rise the correct order of DM self-interaction) for which
we get a range of u values.
Corresponding to λ ¼ 1.5 and ληH ¼ 1 [see Eq. (4)] the

mass scale of η is Mη ¼ 1.1 × 104 GeV.
The set of parameters which gives rise to the correct

dark matter relic density is given as mχ ¼ 1.3–7.76 GeV,
λD ¼ 0.02 − 0.15. Since we are considering the dominant
asymmetric DM, the relic density is solely decided by these
two parameters only.

VII. CONCLUSION

We extended the SM with two super heavy SUð2ÞL
scalar doublets; Xi (i ¼ 1, 2), three right-handed neutrinos
νRi

(i ¼ 1, 2, 3), two singlet scalars Φ, Φ0, and a singlet
Dirac fermion χ which represents the candidate of a self-
interacting DM. We assumed a mass hierarchy among the
heavy scalar doublets Xi, i ¼ 1, 2. As a result the CP-
violating out-of-equilibrium decay of the lightest heavy
scalar generated a neutrino asymmetry in the visible sector.
A part of the neutrino asymmetry is then transferred to the
dark sector by a dimension-eight operator, O8, while a part
of the remaining neutrino asymmetry gets converted to the
baryon asymmetry by the electroweak sphaleron processes.
This asymmetry transfer mechanism establishes a propor-
tionality between the relic densities of dark matter and
baryonic matter. The ratio between these two relic densities
fixes the mass of the DM to be 7.76 GeV, if DM relic is

fully asymmetric. However depending on the fractional
contribution from symmetric and the asymmetric compo-
nents, the DM mass can vary in the range 0.07–7.76 GeV.
The light scalar mediator ϕ is introduced, not only facilitate
velocity-dependent DM self-interaction to alleviate small-
scale issues of ΛCDM, but also deplete the symmetric
component of DM via the efficient annihilation process
χ̄χ → ϕϕ. The requirement of sufficient self-interaction
also rules out a region of available parameter space in terms
of DM mass, further restricting it to 1.3–7.76 GeV. To
realize sufficient DM self-interaction with this mass range
of DM, the light scalar mass must be in the range 0.003–
0.03 GeV. The self-interaction allowed parameter space has
also been confronted with bounds from early Universe
physics like BBN and present Universe physics like DM
direct search and allowed parameter space from all phe-
nomenological constraints has been specified. We have
also explained the small Dirac neutrino mass at tree level
through a dimension-five operator, where the mass of the
heavy scalar X suppresses the weak scale. MX1

is decided
from the requirement of Dirac leptogenesis to be of
Oð1010Þ GeV (see Sec. III). To generate the desired lepton
asymmetry, the branching ratio BLðX → LνRÞ ∼ 0.9, which
requires that f1 ¼ ρ1

MX1
and y1 differ roughly by an order

of magnitude. A typical solution y1 ¼ 2.2 × 10−4, y2 ¼
1.1 × 10−4 and f1 ¼ 7.3 × 10−5, f2 ¼ 1.1 simultaneously
satisfies both lepton asymmetry and neutrino mass.
Therefore, the model at hand successfully explains the
baryon asymmetry of the Universe along with neutrino
mass and DM relic while providing a solution for small
scale ΛCDM anomalies via DM self-interaction.
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APPENDIX A: ASYMMETRY TRANSFER FROM
VISIBLE TO DARK SECTOR

The asymmetry in the equilibrium number densities of
particle ni over antiparticle n̄i can be written as

ni − n̄i ¼
gi
2π2

Z
∞

0

dq q2
�

1

e
EiðqÞ−μi

T � 1
−

1

e
EiðqÞþμi

T � 1

�
; ðA1Þ

where the gi is the internal degrees of freedom of the
particle species i. In the above equation Ei and qi represent
the energy and momentum of the particle species i. In the
approximation of a weakly interacting plasma, where
βμi ≪ 1, β≡ 1=T (detailed discussions are given in
[68,139]) we get,

FIG. 10. Dirac neutrino mass generated through dimension-five
operator.
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ni − n̄i ∼
giT3

6
× ½2βμi þOððβμiÞ3Þ� for bosons

∼
giT3

6
× ½βμi þOððβμiÞ3Þ� for fermions: ðA2Þ

In this model, the asymmetry transfer operator is given by
O8 ¼ 1

M4
asy
χ̄2ðLHÞ2 so the decoupling temperature of oper-

atorO8 is depends on the value ofMasy. Since in this model
the B − L asymmetry is generated in the standard model
sector which is required to be shared to the dark sector via
O8 operator, we assume the decoupling temperature TD to
be Tt > TD > TW , where Tt is the temperature of thermal
bath when the top quark decouples and TW is the temper-
ature when the W boson decouples from the thermal
plasma. In this case the effective Lagrangian for Yukawa
coupling is given by

LYukawa ¼ gkei ēiLh
keiR þ gkui ūiLh

kuiR þ gkdi d̄iLh
kdiR þ H:c;

ðA3Þ

where k ¼ 1, 2, 3 for three scalar mass eigenstates h1, h2
and h3. Where h1 is identified as standard model Higgs
boson with mass 125 GeV. All these scalar fields are real so
the above Lagrangian gives the following chemical equi-
librium condition,

0 ¼ μhk ¼ μuL − μuR ¼ μdL − μdR ¼ μeL − μeR : ðA4Þ

After electroweak symmetry breaking the charged current
interaction part of the SM Lagrangian is given by

LðWÞ
int ¼ gWþ

μ ūLγμdL þ gWþ
μ eLγμν̄eL: ðA5Þ

The charged current interactions remain in thermal equi-
librium until the W boson decouples from thermal bath.
Which gives the following chemical potential equations,

μW ¼ μuL − μdL ; ðA6Þ

and

μW ¼ μν − μeL : ðA7Þ

The electroweak sphalerons remain in thermal equilibrium
until a temperature Tsph ≳ TW leads to the following
constraint,

μuL þ 2μdL þ μν ¼ 0: ðA8Þ

At a temperature below electroweak phase transition, the
electric charge neutrality of the Universe holds. However,
at the epoch Tt > TD > TW , the top quark is already
decoupled from the thermal plasma and hence does not

take part in the charge neutrality condition. Therefore,
we get

Q ¼ 4ðμuL þ μuRÞ þ 6μW − 3ðμdL þ μdR þ μeL þ μeRÞ ¼ 0:

ðA9Þ

Using Eq. (A2), the baryon number density nB can be
given as

nB ¼
X
i

μi

�
CiQB

i
giT3β

6

�
ðA10Þ

where, i runs over two generations of up quarks and three
generations of down quarks, Ci and QB

i count respectively
the color and the baryon number of ith quark. Note that top
quark is decoupled since it is heavy. Here, gi ¼ 2 is the
internal degrees of freedom of each quark. Similarly,
following Eq. (A2) the lepton number density nL can be
given as

nL ¼
X
i

μi

�
giT3β

6

�
; ðA11Þ

where, i runs over three generations of charged and
neutral leptons. Now using the Eqs. (A4)–(A9), we
can write the net baryon and lepton number density nB
and nL as

nB ¼ −
90

29
μν ðA12Þ

and

nL ¼ 201

29
μν; ðA13Þ

where we have dropped the common factor gT3β=6 as
we are interested in ratio of densities, rather than their
individual values. The net B − L asymmetry in the visible
sector is thus given by

ðnB−LÞvis ¼ −
291

29
μν: ðA14Þ

After sphaleron processes decouple at Tsph, the baryon and
lepton number densities would be conserved separately. As
a result Eqs. (A4)–(A14) would remain valid at Tsph > MW .
Once the sphaleron processes decouple, the ratio of
nB=nB−L would be frozen. As a result from Eqs. (A12)
and (A14), it can be written as

nBfinal

ðnB−LÞvis
¼ nB

ðnB−LÞvis
¼ 30

97
¼ 0.31 ðA15Þ

nBfinal
¼ 0.31ðnB−LÞvis: ðA16Þ
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The operator O8 is in equilibrium until TD > Tsph and
equilibration of O8 gives the following constraint,

μχ ¼ μν: ðA17Þ

As a result the number density of dark matter χ (it is
basically B − L asymmetry in the dark sector) is given by,
is given by

nχ ¼ 2μχ
gT3β

6

¼ 58

291
ðnB−LÞvis ≡ ðnB−LÞdark: ðA18Þ

APPENDIX B: DIAGONALIZATION OF THE
SCALAR MASS MATRIX

For simplicity, let us denote the scalar mass matrix given
in Eq. (9) as

0
B@

A B C

B D E

C E F

1
CA: ðB1Þ

This mass matrix can be approximately block-diagonalized
by the matrix

U ¼

0
B@

cos α 0 sin α

0 cos α sin α

− sin α − sin α cos α

1
CA ðB2Þ

which is unitary up to order sinα. The block diagonalized
matrix is of the form

0
B@

A0 B0 0

B0 D0 0

0 0 F0

1
CA; ðB3Þ

where the elements of the above matrix are as follows:

A0 ¼ Acos2αþ F − sin2α − C sin 2α

B0 ¼ Bcos2αþ Fsin2α −
1

2
ðCþ EÞ sin 2α

D0 ¼ Dcos2αþ Fsin2α − E sin 2α

F0 ¼ Fcos2αþ ðAþ 2BþDÞsin2αþ ðCþ EÞ sin 2α:
ðB4Þ

The above diagonalization is obtained for the values of the
angle α given by [ignoring Oðsin2 αÞ terms]

tan α ¼ C
F − A − B

ðorÞ E
F − B −D

: ðB5Þ

We assume the mass of ϕ to be extremely small compared
to that of both ϕ0 and h and it has very small mixing with
both of them. We consider the induced VEV uof the fieldΦ
to be very small compared to that of SM Higgs. In the limit
of zero ϕ0 − ϕ as well as h − ϕ mixing, which is indeed
guaranteed by the extremely tiny mixing parameter tan α
given by Eq. (B5), ϕ decouples from both ϕ0 and h. The
smallness of tan α can be understood with the help of
parameter values provided in Sec. VI viz. ω ¼ 102.7 GeV,
v ¼ 246 GeV, u ∼ 10−2 GeV, λ0ϕ ∼ 1; λH ¼ 0.129, μ2∼
−10−12, λ0ϕ∼1; λHΦ0 ∼10−3; λHΦ∼10−10; mϕ∼10−2 GeV,
which gives tan α ∼Oð10−12Þ. The exact diagonalization
is obtained by giving a consecutive (1,2) rotation to the
squared mass matrix given in Eq. (B3) by the following
Euler rotation matrix

O ¼

0
B@

cos β − sin β 0

sin β cos β 0

0 0 1

1
CA; ðB6Þ

where the ϕ0 − h mixing is given by

tan 2β ¼ 2B0

D0 − A0 : ðB7Þ

After complete diagonalization, we are left with an
extremely light scalar h3 ≈ ϕ that mediates DM
self-scattering and two other scalars with masses
given by

m2
h1
¼ D0cos2β þ A0sin2β þ B sin 2β

m2
h2
¼ A0cos2β þD0sin2β − B sin 2β: ðB8Þ

The mass eigenstate h1 can be identified as the SM Higgs
with mass Mh1 ¼ 125.18 GeV, while h2 as the second
scalar that plays a role in generating the tiny neutrino mass.

APPENDIX C: DM SELF-INTERACTION CROSS
SECTIONS AT LOW ENERGY

In the Born limit [λ2Dmχ=ð4πmϕÞ ≪ 1],

σBornT ¼ λ4D
2πm2

χv4

�
ln

�
1þm2

χv2

m2
ϕ

�
−

m2
χv2

m2
ϕ þm2

χv2

�
ðC1Þ

Outside the Born regime (λ2Dmχ=ð4πmϕÞ ≥ 1), there
are two distinct regions viz, the classical regime and
the resonance regime. In the classical regime
(λ2Dmχ=ð4πmϕ ≥ 1; mχv=mϕ ≥ 1), the solutions for an
attractive potential is given by [45,140,141]
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σclassicalT ¼

8>>>>><
>>>>>:

4π
m2

ϕ
β2 lnð1þ β−1Þ β ≤ 10−1

8π
m2

ϕ
β2=ð1þ 1.5β1.65Þ 10−1 ≤ β ≤ 103

π
m2

ϕ
ðln β þ 1 − 1

2
ln−1βÞ β ≥ 103;

ðC2Þ

where β ¼ 2λ2Dmχ=ð4πmϕÞv2 In the resonant regime
(λ2Dmχ=ð4πmϕÞ ≥ 1; mχv=mϕ ≤ 1), the quantum mechani-
cal resonances and anti-resonance in σT appear due to
(quasi-)bound states formation in the attractive potential. In
the resonant regime, an analytical formula for σT is not
available and one needs to solve the nonrelativistic
Schrödinger equation by partial wave analysis. Instead,
here we use the nonperturbative results obtained

by approximating the Yukawa potential to be a Hulthen

potential ðVðrÞ ¼ � λ2D
4π

δe−δr

1−e−δrÞ, which is given by [45]

σHulthenT ¼ 16πsin2δ0
m2

χv2
; ðC3Þ

where l ¼ 0 phase shift δ0 is given in terms of the Γ
functions by

δ0 ¼ arg

�
iΓ
�
imχv

kmϕ

�
=ΓðλþÞΓðλ−Þ

�

λ� ¼ 1þ imχv
2kmϕ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αDmχ

kmϕ
− m2

χv2

4k2m2
ϕ

r
ðC4Þ

and k ≈ 1.6 is a dimensionless number.
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