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Assuming dark matter to be asymmetric as well as self-interacting and neutrinos to be Dirac fermions,
we propose a framework to address the observed baryon imbalance of the Universe. We add three right-
handed neutrinos v , i = 1,2, 3, one singlet fermion y, a doublet fermion y, and heavy scalar doublets
ni, 1 = 1,2 to the Standard Model. A global B — L is imposed to protect the Dirac nature of neutrinos. Both
x and y are fermions with nonzero charge under an extended U(1),_, x U(1), symmetry. Additionally,
a Z, symmetry is imposed, where the singlets y, v, and 5 are negative and the doublet y is positive. The
CP-violating out-of-equilibrium decay of heavy scalar 7 generates an equal and opposite B — L asymmetry
among the left-handed (v;) and right-handed (vz) neutrinos. The v; — vy equilibration process does not
take place until below the electroweak phase transition scale because of tiny Yukawa couplings. During this
time, sphaleron processes, which are active at temperatures higher than 100 GeV, transform a portion of the
B — L asymmetry stored in left-handed neutrinos into baryon asymmetry. MeV scale gauge boson Z’ of the
U(1), sector mediates both annihilation of symmetric dark matter component and self-interaction among
dark matter particles. Moreover, Z’' mixes with the Standard Model Z boson and provides a portal for dark

matter direct detection.
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I. INTRODUCTION

The Standard Model (SM) is a remarkably successful
theory explaining interactions of elementary particles. Yet
several mysteries remain unanswered in the SM, of which
the nonzero neutrino mass, the observed baryon asymmetry
of the Universe, and the candidature problem of dark matter
(DM), etc., are the most prominent issues. The rotation
velocities of stars in galaxies, gravitational lensing, aniso-
tropies in the CMB, etc., hint at the existence of an electro-
magnetically inert form of matter. This new form of matter
is DM. The particle nature of DM is yet to be revealed.
WMAP [1] and PLANCK [2] data (at 68% CL) quantify
the relic baryon and DM density as: Qgh? = 0.02237 &
0.00015, Qpyh? = 0.1200 & 0.0012; where Qpy is the
ratio of DM density to the critical density of the Universe
and h = Hubble parameter/(100 kms~' Mpc~!) is the
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reduced Hubble constant. Observations also indicate that
the present Universe is highly baryon asymmetric. The
observed baryon asymmetry of the Universe can be
quantified as [2],

np

878 62 % 10719, (1)
y

np =

where, ng, ng, and n, are the number densities of baryon,
antibaryon, and photon, respectively. Based on Sakharov
conditions [3.4], the observed baryon asymmetry has
been addressed in frameworks of leptogenesis [5-23].
WMAP and Planck data imply that Qpy; ~ 5Qp. It triggers
one to assume DM to have a similar origin as that of
baryons and address both phenomenologies in a common
framework [24-57].

From cosmological standpoint, DM is assumed to be a
cold, collisionless fluid by the lambda cold dark matter
(ACDM) model. The ACDM model has proved incredibly
successful in explaining the large-scale structures of the
Universe. Nevertheless, a number of discrepancies have
surfaced at smaller scales, such as the core-cusp problem,
the missing satellite problem, and the too-big-to-fail prob-
lem, etc. [58,59]. These discrepancies are more noticeable
at the dwarf galaxy scale and progressively diminish to the
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cluster scale, which corresponds with ACDM predictions at
large scales. In order to mitigate these anomalies, self-
interacting dark matter (SIDM) [60-62] was suggested as a
substitute for traditional cold dark matter. A velocity-
dependent self-scattering of order o/m ~ 1 cm?/g~2 x
1072* cm?/GeV has been demonstrated to alleviate these
anomalies [63—73]. DM models with a light mediator are well
suited to realize such velocity dependence [74—81]. However
a common issue with SIDM is its underabundant relic due to
efficient annihilation into the light mediator [82-86].
However, if SIDM is assumed to have a similar origin to
that of baryons, correct relic density can be achieved [87,88].

Because there are no right-handed neutrino fields, neu-
trinos have no mass within the SM framework. However,
neutrino flavor oscillation [89-98] suggests that the neu-
trino mass is nonzero but small. Beyond the SM framework
invoking lepton number violating dimension-5 operator
LLHH/A[99]is a lucrative method of explaining the small
mass of Majorana neutrinos. The scale of new physics is A,
whereas the lepton and Higgs doublets are denoted by L, H.
In this way, neutrinos obtain a Majorana mass of order
m, = (H)?/A during electroweak phase transition. This
novel framework referred to as the seesaw mechanism
includes type-1 [100-103], type-II [104-110], type-III
[111], or their variants [112]. This mechanism works well
for A~ O(10'*) GeV for neutrino masses below eV.
Neutrinoless double beta decay experiments indicative of
the Majorana nature of neutrinos [113] are being inves-
tigated. However, as of yet, no corroborating results have
been found. Consequently, there is still a chance that
neutrinos could be Dirac fermions.

Considering that neutrinos are Dirac particles (which
requires B — L to be an exact symmetry), Dirac lepto-
genesis can account for the observed baryon asymmetry of
the Universe [114-120]. The fundamental mechanism of
Dirac leptogenesis is that the equilibration time between
left- and right-handed neutrinos mediated via Yukawa inter-
action with SM Higgs (i.e., yvgHv;) is much less than
the (B + L) violating sphaleron transitions above electro-
weak phase transition. Therefore, demanding B — L =
B—(Lgy+L,,)=0 [121], a net B— Lgy can be gen-
erated in terms of L, . vy being SU(2), singlet, L,
remains unaffected by sphalerons. The nonzero B — Lgy
is, however, converted to a net B asymmetry via B+ L
violating sphaleron transitions [114,121-128].

To integrate all these avenues, in this paper, we construct
a framework for explaining DM and baryon asymmetry
considering Dirac neutrinos. The asymmetry in both sectors
is generated by the CP-violating out-of-equilibrium decay
of a heavy scalar doublet 7 into £v; and wy, where £ is a
SM lepton, vy is a right-handed neutrino (RHN), and vy, y
are, respectively, a vectorlike fermion doublet and a vector-
like fermion singlet that comprises the dark sector. The
lepton asymmetry in the channel # — £y, is then converted
to a net baryon asymmetry via B + L violating sphaleron

FIG. 1. Schematic of the model: A heavy scalar  decays into
visible (Ivg) and dark sectors (yy), where the dark sector includes
the particles charged under U(1),, symmetry. The lightest dark
sector particle y is the DM candidate.

transitions. Being a vectorlike Dirac fermion, asymmetry in
the channel 7 — yy remains intact [51-54]. The dark sector
is gauged under a U(1), symmetry. The corresponding
gauge boson Z’ mediates DM self-interaction. The lightest
dark sector particle y, which is odd under Z,, acts as the
SIDM candidate. The symmetric DM component annihi-
lates away into a pair of Z', yielding a vanishingly small
symmetric relic. We also impose U(1)z_;, X Z, symmetry,
which ensures that the neutrinos are Dirac. Z, symmetry is
softly broken by a term p%n" H, generating Dirac mass for
neutrinos. A schematic of the framework is shown in Fig. 1.

The paper is organized as follows. In Sec. II, we discuss
the proposed model, while in Sec. III, we explain the Dirac
mass of light neutrinos. Section IV is devoted to explain
baryogenesis via leptogenesis from the decay of heavy
particles », while Sec. V describes the mechanism for DM
relic abundance. The phenomenology of SIDM is discussed
in Sec. VI, followed by constraints from direct search in
Sec. VII. Then we discuss possible collider phenomenol-
ogy in Sec. VIII. We finally conclude in Sec. IX.

II. THE MODEL

We extend the SM both by new symmetries and particles.
The new particles include: three RHNs v , @ =1,2,3, a
heavy scalar doublet 7, and a pair of vectorlike leptons, one
singlet (y) and the other doublet () under SU(2). The
particle content beyond those in the SM and their charge
assignments under the extended symmetries is shown in
Table I.

A discrete symmetry Z, is introduced under which 7, v,
and y are odd, while y and all other SM particles are even.

TABLE I. Quantum numbers of the new particles under the
extended symmetry.

Parameter U(l)g_, u(l), Z,
n=("n")" 0 0 -
Vi -1 0 -
w=y )" -1 1 +
X -1 1 —
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The fermions y and y also carry quantum numbers under
U(1), symmetry. y is the lightest of dark sector particles,
hence the DM candidate. U(1), symmetry is spontane-
ously broken and MeV scale U(l), gauge boson Z’
mediates DM self-interaction. A global U(1),_, symmetry
is imposed so that only the Dirac mass term is allowed for
neutrinos, while Majorana mass terms are forbidden,
ensuring lepton number conservation at the level of the
renormalizable Lagrangian. Owing to charge assignments
of the fields as in Table I, the relevant Lagrangian for the
phenomenologies is given by,

L D yiy* Dy + yiy" Dy + M,y + M iy
+ [fulritvg + Wiy +Hel = V(H.n), (2)

where 7 = i7", 7, being the second Pauli spin matrix and,

Q i i .gY .
D,=0,- i5T W, — l?YB” —igY'(Z'),,
D, =0, —igY(Z),. (3)

and the scalar potential is given by,

V(H.n) = -M}H'H + Ay(H H)* + Min'n + 2,(n'n)?
+ Ay (HTH) (1" 7). (4)

Heavy scalar 7 undergoes CP-violating out-of-
equilibrium decay. This decay creates asymmetries in both
lepton and dark sectors simultaneously [51]. The process
n — vy, creates equal and opposite lepton asymmetry in
left- and right-handed sectors. B + L violating sphaleron
transitions converts the lepton asymmetry in the left-
handed sector to a net baryon asymmetry. Asymmetry in
the right-handed sector remains unaffected until the temper-
ature falls much below the electroweak phase transition.
DM y attains thermal equilibrium in the early Universe via
processes like yyw — yy, mediated by the U(1), gauge
boson Z'. However, y annihilates efficiently into pairs of
Z' via t channel and a negligible symmetric DM component
is left. The correct DM relic density is obtained from the
CP-violating out-of-equilibrium decay of heavy scalar .
Hence, in this model, the observed DM relic is dominantly
asymmetric. Kinetic mixing between Z’ and SM Z enables
direct detection of DM in terrestrial laboratories. Z' also
facilitates DM self-interaction. The term u?n’H breaks Z,
symmetry softly generating Dirac mass for neutrinos. The
global B — L symmetry ensures the Dirac nature of the
neutrinos forbidding the Majorana mass.

However, it should be noted that, global symmetries
are generically expected to be violated by quantum-
gravitational effects [129]. Consequently, a global
U(1)g_,, even if imposed at the renormalizable level,
may be broken by Planck-suppressed operators that re-
introduce Majorana mass terms. For this reason, the

theoretically robust way to protect Dirac neutrino masses
is to gauge the U(1),_;, symmetry. In a gauged theory,
Majorana mass terms are forbidden by gauge invariance at
all orders, and quantum-gravity effects cannot violate the
symmetry since possible Planck-suppressed operators are
tightly constrained by gauge charge assignments. With the
charges listed in Table I, our Lagrangian is already invariant
under U(1)g_;, and the field content (SM plus three vy)
ensures anomaly cancelation. Dark fermions y and y being
vectorlike, do not contribute to gauge anomalies. Thus, the
model admits a consistent gauged B — L embedding with-
out altering interactions relevant to the Dirac leptogenesis
mechanism. Gauging B — L simply introduces the corre-
sponding gauge boson together with the usual kinetic term
and covariant derivatives, plus an optional B — L-breaking
scalar ¢pp_; whose B — L charge can be chosen so as not to
generate the unwanted operator ¢hp_;vgup, thereby pre-
serving the Dirac nature of neutrinos. If the B — L breaking
scale is sufficiently high (M, > TeV), the new gauge
boson effectively decouples, leaving the low-energy phe-
nomenology of our model unchanged. In this case, the
primary role of gauged B — L is to protect the Dirac
neutrino mass from quantum-gravity violations of global
symmetries.

II1. DIRAC MASS OF NEUTRINOS
Imposed Z, symmetry is softly broken [130,131] by the
Lagrangian term,

‘Csoft = _ﬂzHT” + H.c. (5)

Therefore, Dirac mass of the neutrinos can be generated as
shown in Fig. 2. After integrating out the heavy field 7, the
Dirac mass is obtained as,

Ml/ = ’ (6)

where (H) = 174 GeV, is the vacuum expectation value of
the SM Higgs. From Eq. (6), we get neutrino mass of order

VR f vp

— >

Y

577
¢
LI

<H>

FIG. 2. Feynman diagram responsible for generation of Dirac
neutrino mass.
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0.1 eV, for -~ 107" and f ~10~*. The smallness of
compared to M, justifies the soft breaking.

IV. BARYOGENESIS VIA DIRAC LEPTOGENESIS
FROM n DECAY

Initially the heavy scalar # is in thermal equilibrium due
to its gauge and Yukawa interactions at a temperature above
its mass scale. As the Universe expands and cools down,
the heavy scalar goes out of equilibrium and decays at a
temperature T ~ M,. We consider two copies of the scalar
to achieve the CP-violation. The CP-violating out-of-
equilibrium decay generates an asymmetry in both visible
(Zvg) and dark sectors (yy). The decay width of the 5
particle can be written as,

1
L= o (72 + M, ™)
where f and 4 are the Yukawa couplings. In presence of
pairs of # particles and their interactions, the diagonal mass
terms for # in Eq. (4) can be replaced by [51,132],

1 . 1
E”/l}l(Ma—)ah”h +§(’7:1)T(M%)ab772’ (8)
where
M% —iCy —iC?E2
-Gy M3—iCy

here C/, =T ,M,, C;, =T% M, and C,, =T',,M, with

LMy, = % (MaMb/la/IZ + MaMbeZszbH) . (10)
k.l

After diagonalizing the mass matrix given in Eq. (9), we
get two mass eigenstates & and &5 with two mass eigen-
values M, and M., . Their decay provides CP-asymmetry
via the interference of tree level and one-loop self-energy
correction diagrams, shown in Fig. 3." The generated
asymmetry in the visible sector can be quantified as,

eL = [BL(&T = I"vg) = BL(&) — (I7)vg)]
_ Im (47223 4 1f TS 1) [M M 2]
B 872 (M3 — M?) r |

(11)

where B; is the branching ratio for & — [Fvg. We can
estimate the generated lepton asymmetry in the visible

'Note that the mass eigenstates & and & (similarly & and &)
are not CP conjugates of each other even though they are
degenerate mass eigenstates.

VR X Vi
FIG. 3. Interference of tree level and self-energy correction
diagrams that contribute to the CP violation.

sector using the relevant Boltzmann equations governing
the evolution of the number density of £; and the lepton
asymmetry,

dYsz X 2 q2
. THM:)' T 010l —am > [Y3 = V5]
X
———— T am |[Ye — YE
H(M)" &= e
dy, x o
o =y B [Ye - Ve, (12)

where the x = M, /T. The lepton and & abundance are
defined as Y:; = ng; /s, where s = (2% /45)g.T° is the
entropy density of the Universe.

Figure 4 depicts lepton asymmetry Y; and comoving
number density of &, ie., Y, as a function of the
dimensionless parameter x. Coupling constant f is taken
as 107 and A is taken as 10~7. The typical value of the cross
section is taken as o[ ¢, oy = 107 GeV~2. The solid

1

0.001- Observed Baryon |

Asymmetry

10-5l M;, =10 GeV

E <ov> =107 GeV2
f=1x10"*, A=1x1077
€,=4.5x10"7, B,= 0.5
10-%

1072

0.1 1 10 100 1000 104 10°
X=M;1IT

FIG. 4. Lepton asymmetry from &, decay. The blue line shows
the evolution of lepton asymmetry for ¢, = 4.5 x 10~". The red
line shows the evolution of &; particles. The green (dotted) line
shows the equilibrium number density of &;.
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red and blue curves show the evolution of number densities
of £, and lepton asymmetry, respectively. As temperature
falls below the mass of &; (i.e., x > 1), it decouples from
the thermal bath (see Fig. 4). As &, starts decaying to £~ v,
lepton asymmetry develops proportional to B; and e¢;.
Once the decay of &, is complete, the lepton asymmetry
settles to a constant value. In Fig. 4, we have taken the
branching ratio B, = 0.5, ¢, =5 x 1077 and the heavy
scalar mass to be M, = 10'9 GeV. Electroweak sphaler-
ons that violate B + L (but conserve B — L) transfer a
portion of the lepton asymmetry to a net baryon asymme-
try Yp = —0.55Y;.

Possible washout of the visible lepton asymmetry would
require (i) chemical equilibration between the dark and
visible sectors and (ii) an active lepton-number-violating
(LNV) process. In our model, neither condition is realized.
The only portal after # decouples is the tiny kinetic mixing
€ <1078, which ensures that the scattering rate of all
relevant interactions is too slow compared to the Hubble
rate. Besides, once the temperature drops below T <« M £
there is no operational LNV channel for any dark-visible
process to couple to. Hence neither the dark nor the visible
asymmetry is exposed to washout. A detailed washout
analysis is provided in Appendix C.

V. ASYMMETRIC DARK MATTER
FROM n DECAY

At temperature above its mass scale, vectorlike fermion
doublet y remains in thermal equilibrium in the early
Universe. DM candidate y, in spite of being a SM gauge
singlet, attains thermal equilibrium via the process
yw — yy shown in Fig. 5 mediated by the light vector
boson Z'. This is because the dark gauge coupling ¢ is
sufficiently large (¢ ~ 0.1) as required for sufficient self-
interaction (discussed in Sec. VI).

However, the same gauge coupling also facilitates
efficient DM y annihilation into vector bosons Z’ through
the process shown in Fig. 6.

Consequently, the relic density of the symmetric part
becomes vanishingly underabundant. Symmetric relic den-
sity can be quantified from the Boltzmann equation in
terms of ¥y and x = M, /T, as follows,

VA
v X

FIG. 5. Feynman diagram responsible for bringing DM into
thermal equilibrium.

X z!

Y

X z!

FIG. 6. Annihilation of the symmetric component of the DM.

ay;"™ s(M,) 5 e\
dx = —x2H<MZ) <av>)_()(—>Z/Z’(Y)( — (Y)( ) ), (13)
where (ov);, 7 is the thermally averaged cross-section

for yy — Z'Z’, which is,

ﬂ,a/2 M2/ 2

V)5 iy R~ (1= Z) 14
(ot (135 (14)
where o = ¢?/4x. For ¢ ~0.1 and DM mass
M, ~1 GeV, this leads to a cross section that is about
two orders of magnitude larger than the required ballpark to
obtain correct relic density. We show the underabundant

relic density of the symmetric component in Fig. 7.
CP-violating out of equilibrium decays &7 —
vy, §1+ — (y7)y¢ produce an asymmetry between y
and y as well as between y and wy, similar to lepton
asymmetry. The symmetric component of y gets diluted by
three annihilation processes: wy — SMSM, pyw — jy,
wy — Z'7Z'. Note that, in the presence of only the process

1

Y,
..... Yy
....... Observed DM
i Relic Density
10 1
o g'=0.1, M, =1 GeV
108} '_ Mz =0.01 GeV
10-12 L
1 10 100 1000 104 105

x=M,IT

FIG. 7. Underabundant relic of symmetric component of the
DM depicted by the dotted red curve. The equilibrium number
density is depicted by the cyan curve. The straight grey line
shows the observed DM relic density.
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FIG. 8. Tree level and self energy correction diagrams produc-
ing the dark matter asymmetry.

py — SMSM, i.e., via gauge couplings of y to SM, y
remains underabundant up to the TeV scale, see
Appendix A. If we assume that ywZ' coupling is of the
same order as that of yyZ', the other two channels
dominates over py — SM SM, and the symmetric doublet
component remains many orders below the correct relic
ballpark for GeV scale DM. The symmetric part of DM y
annihilates into pairs of Z’ as discussed above. Therefore,
we can safely assume the y relic to be asymmetric, solely
produced from CP-violating out of equilibrium decays
E =y x & — (w ). Feynman diagrams responsible
for generation of asymmetries in the dark sector are shown
in Fig. 8. The asymmetric number density of y gets
converted to a net y density through the decay process:
w — xff (we assume M,, > M,), induced via the soft Z,
symmetry breaking term x> H'7. This decay does not wash
out the dark asymmetry, as it preserves the dark charge
D(y) = D(y) and therefore acts only as a transfer process
that converts the primordial y asymmetry into the stable y.
The total dark asymmetry Y5p = Yy, + Y4, is thus con-
served exactly. We provide a detailed washout analysis
considering all relevant interactions in Appendix C.
The amount of CP asymmetry can be quantified as,

€, = [Br(&r — wy) — Br(&] - (w)x°)]
CIm () i an) [M %Mz} _ .
- 8A(ME - M?) r, | &

(15)

The abundance of asymmetric y density can be estimated
from the coupled Boltzmann equations,

d;;fl - _H(])\;gl) s(o]vl,e,—am) [ Y3 — Y]
a ﬁr(él—mu) [Ye, = YZ,
d););—;‘r & H(])\;él)r(§|—>All)B;( [Ye, - Yal. (16)
Here we use |e; | = |e,| = 4.5 x 1077, Other parameters are

also kept same as that in Secs. IIl and 1V, i.e., f = 1074,
A= 10_770|U|(5,§1—>All) =10"% GeV~2. With this, we
obtain the observed relic density for M, = 0.70 GeV as
shown in Fig. 9. The solid red curve shows the evolution of

""" quﬁ
- Y§1
- —_ Yasy
0.001 1
Observed DM
Relic Density
. 3 M;, =10" GeV
107 M, =0.70 GeV
> <ov> =102 GeV?
: f=1x107%, A= 1x107
10| €=4.5x107,B,=05 |
10—12 L
0.1 1 10 100 1000 104 108

X=M;1/T

FIG. 9. Relic density of asymmetric component of the DM
obtained from the decay of 7.

the number density of &, particles and the solid blue line
depicts the evolution of Y;”. Note that the observed baryon
asymmetry does not get affected by the decay &, — yy,
since y and y being vectorlike fermions, do not get
converted to baryon asymmetry by the sphalerons [51-54].

VI. DARK MATTER SELF-INTERACTION

To alleviate the small-scale anomalies of ACDM, the
typical DM self-scattering cross section should be
o~1cm?/g~2x 1072 cm?/GeV, which is 14 orders
of magnitude larger than the typical WIMP cross section
(6 ~107%8 cm?/GeV). Besides, the self-interaction is
desired to be stronger for smaller DM velocities such that
it can have a large impact on small scale structures. On the
other hand, it must get reduced for larger DM velocities to
remain consistent with large scale ACDM predictions.
SIDM with an MeV scale mediator fulfils all these require-
ments. U(1), vector boson Z' in our model serves this
purpose. The term ¢'yyZ’ given in Eq. (2) enables DM self-
interaction. Self-interaction can be represented by the
Feynman diagram in Fig. 10.

In the nonrelativistic limit, scattering can be described by
Yukawa-type potential,

9/2
=4+ M yir
V() drr ¢

(17)

where, the 4 (—) sign denotes repulsive (attractive)
potential. For vector mediators, yy scattering is repulsive,
which is the relevant case for this work. To capture the
forward scattering divergence, we define transfer cross-
section o7 as [58,64,73],
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X > > X

X > > X

FIG. 10. Feynman diagram for DM self-interaction.

or = /dQ(l —cosf)—— do (18)

dQ’

Three distinct regimes can be identified for the scattering.
(i) Born regime (¢”M,/(4xMy) < 1, M “>1).

. . ) M
(ii) Classical regime (¢*M L/ (4xM ) > 1 M— > 1)

(iii) Resonance regime (¢°M,/(4zMy) > <1).
Cross-sections for each regime are listed in Appendlx B.
Perturbative calculations hold good only in the Born
regime. In the resonant regime, for attractive potential
we see quantum mechanical resonances for smaller veloc-
ities due to (quasi)bound state formation [87]. Since in the
present case, we have asymmetric DM with a repulsive
potential, we do not see any resonance spikes. In Fig. 11,
we show the self-interaction allowed parameter space for
g = 0.1 in the M,-M plane. We constrain 6/M, as:

(i) 0.1-10 cm?/g for dwarfs (v ~ 10 km/s).

(i) 0.1-1 cm?/g for galaxies (v ~ 100 km/s).

(iii) 0.1-1 cm?/g for clusters (v ~ 1000 km/s).

1000

s
[}
Q
§><

*/|MX =5 GeV, M = 0.01 GeV/|

|MX =1 GeV, M, = 0.007 Gev\

[ Cluster (o/M, = 0.1 - 1 GeV/cm?)

Galaxy (o/M,, = 0.1-1 GeV/cm?)
M Dwarfs (o/M,, = 0.1-10 GeV/cm?)
01 L . \ \
0.001 0.005  0.010 0.050  0.100
M, (GeV)
FIG. 11. Parameter space for self-interaction in the M,-M

plane with ¢ = 0.1.

1000

S [— M, =070 GeV, Mz = 0.008 GeV, g' = 0.1
‘@Galaxy Cluster
100 ” [= My =1GeV, My = 0008 GeV, ¢' = 0.1
[ M, =5 GeV, Mz = 0.008 GeV, g' = 0.1]
°
- [
~ 10
£ A
< H
~ o
§ 1 o
o - T
- Ly
0101 - %
0045 50 100 500 1000 5000
<v> (km/s)

FIG. 12. Self-interaction cross-section per unit mass of DM in
terms of average collision velocity.

These regions are depicted by cyan, green, and magenta
colored regions in Fig. 11 as indicated in the figure inset.
The top corner corresponds to the Classical regime while
the bottom corner corresponds to the Born regime, with the
resonant regime sandwiched between the two regimes.
We also plot self-scattering cross-section per unit DM
mass versus average collision velocity in Fig. 12 for differ-
ent DM masses. Keeping M, = 0.008 GeV and ¢ = 0.1,
we plot the cross-section per unit DM mass for M, =
0.7 GeV, 1 GeV,5 GeV. It fits data from dwarfs (red), low
surface brightness galaxies (blue), and clusters (green)
[70,71], for the values of M,, M, as indicated in the
figure. It is clear that the model can appreciably explain
velocity-dependent DM self-interaction.

VII. DM DIRECT DETECTION

DM y undergoes elastic scattering off detector nucleons.
This is facilitated by Z — Z' mixing as shown in Fig. 13.

Let us consider spin independent direct search, the cross-
section for which is given by,

| 929/262 :uzN (pr + (A - Z)fn)2
OyN = T M4 A2

. (19)

ZI

FIG. 13. Elastic scattering of DM y off a nucleon mediated by
Z — 7' mixing.
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FIG. 14. Constraints from DM direct detection in the plane of

DM mass (M,) versus mediator mass (Mz) with ¢ = 0.1.
where, u,y = 0 Afl/l *er"’lVN) is the reduced mass of the
x

DM-nucleus (N) system with proton number Z and mass
number A. € is the Z —Z' kinetic mixing, f, (f,) are
interaction strengths for the proton (neutron), respectively.
We constrain model parameters with data from direct
search experiments like CRESST-III [133] and XENONIT
[134]. In Fig. 14, the most stringent constraints from
CRESST-II (dotted contours in black) and XENONIT
(dotted contours in pink) experiments are shown assuming
¢ = 0.1. For below (above) 10 GeV DM, we use con-
straints from the CRESST-III (XENONIT) experiment.
The region toward the left of each contour is excluded for
the mixing parameter mentioned alongside the curves.

VIII. COLLIDER PHENOMENOLOGY

In this Section we summarize the collider phenomenol-
ogy of the dark fermion ¥ and the dark gauge boson Z'.

Absence of displaced vertices:

In the low-energy effective theory, the three-body decay
w — yff is induced by integrating out the heavy scalar
doublet ¢;, generating the dimension-6 operator

Yiy2

M (ZTw) (fTf). (20)

Legr D

where f is a Standard Model fermion. Defining

Vi =yiya,  A=Mg, (21)

the decay width is

v (22)

The proper decay length (L, = ¢, = hc/T’,)is obtained as,

LY/ A /1 TeV\s
Loy~ 117 x 103 m(—) (— =),
Veft 10" GeV MV/

so that even for yo = 1, M,, = 1 TeV, and A = 10'° GeV
we find Ly ~ 1.17 x 10'3 m, far exceeding the size of any
collider detector. For smaller y. or smaller y mass, the
lifetime (and hence the decay length) increases further.
Thus throughout the entire region relevant for successful
visible and dark asymmetry generation, y is effectively
stable at colliders; no displaced vertices are expected. The
collider signature of y is, therefore, that of a heavy long-
lived particle. The charged component y~ behaves as a
heavy stable charged particle (HSCP), producing a slow,
highly ionising track through the tracker and muon system,
while the neutral component y° behaves as missing trans-
verse energy (MET). The production channels, pp —
vy, pp = vy, pp = P thus lead to a character-
istic mixture of HSCP tracks and MET, a hallmark
signature of collider-stable electroweak doublets. Current
CMS and ATLAS HSCP searches [135,136] exclude long-
lived charged fermions up to 1.3—1.6 TeV. Neutral compo-
nents contribute to MET + ISR signatures, constrained
by monojet searches [137,138], which give a weaker bound
M, 2 100 — 200 GeV.

The dark gauge boson Z’ is light (M, ~ MeV) and the
dark coupling is sizeable (¢ ~0.1), as required for self-
interacting dark matter. However, the interactions of Z’ with
the Standard Model are controlled by the kinetic mixing,
which is extremely small in the phenomenologically
relevant region (see Fig. 14),

€ <1078, G = €g' ~107°.

Such a light and ultrafeebly coupled vector is far below the
sensitivity of all current LHC dilepton, monophoton, dijet,
or invisible-Z searches [138—140]. Furthermore, as dem-
onstrated in Appendix C, all portal-induced scatterings
between dark and visible fermions satisfy

Fscatt

T ~ 10_20 at T = M\P, (23)

ensuring that the two sectors never thermalize after the
epoch of asymmetry generation. This not only guarantees
the preservation of the asymmetry, but also explains why
the Z' does not produce observable collider signatures.
Hence, in this setup, displaced vertices and successful
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asymmetry generation are mutually incompatible, which is
a distinctive feature of the model.

IX. CONCLUSIONS

As no consensus has been established regarding Dirac or
Majorana nature for neutrinos yet, we, in this work, explain
baryon and dark matter asymmetry in a common frame-
work assuming assume neutrinos to be Dirac particles. We
extend SM with a SU(2), doublet y and a singlet y. The
singlet fermion y being odd under the discrete Z, sym-
metry behaves as a candidate of DM. The same Z,
symmetry disallowed neutrino Dirac mass. Z, symmetry
is softly broken without destabilizing DM y, ensured by
M, < M,,. This also leads to a Dirac mass of neutrinos
protected by a global B — L symmetry. A heavy scalar
doublet (), having nontrivial Z, charge, undergoes out-of-
equilibrium decay. Decay channels 7 — vxZ and n — yy
generate lepton and dark matter asymmetries. As B — L is
an exact symmetry, the CP-violating decay of 5 to vx?
produces equal and opposite B — L asymmetries in the left-
and right-handed sectors. The right-handed sector is weakly
coupled to the SM sector, required by neutrino Dirac mass.
B — L asymmetry in the left-handed sector converts to a net
B asymmetry via the B + L violating sphaleron transitions.
The asymmetries in the right-handed sector remain intact.
The asymmetries neutralize much after the electroweak
phase transition when the sphaleron transitions get sup-
pressed. Meanwhile the symmetric DM component anni-
hilates away to pairs of light mediators. The light mediators
facilitate self-interaction among the DM particles, a essen-
tial feature for alleviating the small-scale ACDM anoma-
lies. The kinetic mixing between dark and visible sectors
facilitates direct detection of DM. We have found the
relevant parameter space for SIDM confronted with direct
search constraints from experiments like CRESST-III and
XENON-1T. Since kinetic mixing suppresses all annihila-
tions to SM final states, all gamma, cosmic, and neutrino
fluxes are well below the near future reach of indirect
probes [141-145]. The indirect signals of SIDM remains
much below the current constraints by the experiments
like Fermi-LAT [146,147], MAGIC [148], HESS [149],
AMS-02 [150], CMB by Planck [2], and y rays by
INTEGRAL [151].

Although direct production of either y or Z' at high-
energy colliders is highly suppressed, the model exhibits
several distinctive phenomenological features. Both the
visible and dark asymmetries originate from the same
CP-violating decays of the heavy scalar doublets, implying
correlated phases and a common dynamical origin of
baryogenesis and dark-genesis. The dark sector contains
a self-interacting MeV-scale vector mediator Z' with an
ultrafeeble kinetic portal to the Standard Model, while the
heavy dark fermion y is effectively stable on detector

scales. This characteristic combination of “self-interacting
dark matter 4 ultrafeeble portal + collider — stable y” is
not realized in typical ADM or leptogenesis scenarios and
therefore provides a distinguishing phenomenological sig-
nature of the framework. At future high-energy colliders
such as the ILC [152], CLIC [153], FCC-hh [154], CEPC
[155], and SPPC [156], the pair production of y can be
significantly enhanced. The charged component of y
would appear as a HSCP, whereas the neutral component
would manifest as a large missing-energy signal. Although
7' remains inaccessible due to its tiny kinetic mixing, the
observation of long-lived y states, together with astro-
physical measurements of dark self-interactions, would
provide complementary avenues to probe the underlying
dark sector and the unified origin of visible and dark
asymmetries in this model.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not
technically feasible and/or the cost of preparing, depositing,
and hosting the data would be prohibitive within the terms
of this research project. The data are available from the
authors upon reasonable request.

APPENDIX A: RELIC ABUNDANCE OF
DOUBLET DM HAVING ONLY GAUGE
INTERACTIONS WITH THE SM

If the DM is a vectorlike fermion doublet y of the form
wT = (y° w~) (with hypercharge Y = —1, where we use
Q =Tz +7Y/2), odd under an imposed Z, symmetry, its
neutral component becomes stable DM. The Lagrangian for
the doublet DM is given by,

L=y(iy"D, - M, )y (A1)

where the covariant derivative involving the SU(2), gauge
boson triplet Wy, (a = 1,2,3) and U(1), gauge boson B, is
given by

D, =9,

g . .Y
—lETa.WM—lgy—B (A2)

H 2 H
where 7,, are Pauli spin matrices [generators of SU(2)], and
g and gy denote SU(2) and U(1) coupling strengths,
respectively.

Expanding the covariant derivative of the Lagrangian
given in Eq. (A1), we get the interaction term of y° and y*
with the SM gauge bosons as follows:
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where g = and gy = e and 6y, are the elemen-

sin 9 cos 6 ’

tary charge and Weinberg angle, respectively.

All interactions being fixed by the SM gauge charge, the
model does not have any free parameter except the mass
M,,. So both relic density and direct search cross-sections
become a function of DM mass alone. The model has been
implemented in LanHEP [157] and MicrOMEGAs [158]. The
relic density obtained from the model as a function of DM
mass is shown in Fig. 15. We observe that correct relic
density is obtained only for DM mass around 1 TeV.

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

In the Born limit (&'M, /M, < 1), for both attractive as
well as repulsive potentials, the transfer cross section is

8ra’” M2%yp?
Bom __ 2.2 /42 X
aTorn_M)z(v4 (ln(l—‘-Mlv /M /)_Mié,—FM%vz)' (B1)

Outside the Born regime («’M,/My > 1), we have two
distinct regions viz the classical region and the resonance
region. In the classical limit (M,v/M > 1), the solutions
for an attractive potential are given by [73,159,160]

osassical (Attract)

Ié—gﬂz In(1+p71); p <1071

= /(1 15) 107 < <100 (BY)
ZI
Z (Inf+1+4n7'p); p>10°

In the classical limit (M,v/Mz > 1), the solution for
repulsive potential is given by [73,159,160]

2r 22 —2.
s Repul) e A In(1+47%); p<l
ollassic epul) = Z
’ P (2% —In In28)% f>1
(B3)

where g = 2d'My /(M v?).

In the resonant regime (¢°M,/(4zMy) > 1,
M,v/Mz < 1), the quantum mechanical resonances and
antiresonance in o7 appear due to (quasi)bound states
formation in the attractive potential. In the resonant regime,
nonperturbative results obtained by approximating the
Yukawa potential to be a Hulthen potential (V(r) =

ig Se™®

4z 1—e™0"

5) are given by [73],

167 sin® 5,
Hulthen 0

=22 B4
GT %1}2 ( )

where the [ = 0 phase shift is given in terms of the I
functions by

iMoo
iC(57,)
8o = arg (7) (B5)
T
where,
2,2
1+ 2%/, + (%Zf - 4%% Attractive
b= (B6)
I+ 2112/111/10 +i I -t 4k2 Mz Repulsive

with k= 1.6 being a dimensionless number.

APPENDIX C: WASHOUT ANALYSIS

In this appendix we provide a detailed analysis of why the
three-body decay yw — yff and portal interactions do not
wash out either the dark-sector or visible-sector asymmetries.
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After the heavy scalar doublets &; have decayed and
generated the primordial L and D asymmetries, the
remaining dark-sector dynamics involves the following
processes:

(i) the three-body decay and inverse decay

w < xff,

(il) Z'-mediated dark-visible scatterings

vf<xf. < ff, yveff

(iii) the Yukawa portal interaction Ayny, which is irrel-

evant once 7 becomes Boltzmann suppressed.

For washout to occur, two conditions must be satisfied:
(i) the relevant interactions must violate the quantum
number that carries the asymmetry (here the dark charge
D or the lepton number L), and (ii) the violating processes
must be in chemical equilibrium, I' 2 H, so that the
corresponding chemical potentials are driven to zero. As
shown below, neither condition is realized in our model
after the decay epoch of the heavy scalar doublets.

1. Three body decay and inverse decay yff < w

The three-body decay w — yff is induced by the soft
Z,-breaking operator y’n"H. Crucially, although this term
breaks the discrete parity, it preserves the dark charge D,

D(y) = D(x),

Therefore the decay merely transfers the primordial y
asymmetry into the stable state y, and the total

D(f) = D() =0.

YAD — YAW+ YA)(

is conserved exactly.

Inverse decays yff — w are also D conserving and
hence cannot erase Y 5 p. Furthermore, even ignoring charge
considerations, they are extremely suppressed. Using the
three-body decay width,

4 5
et M,

V1923 AR

we get the scaling relation,

M, \5/10'0 GeV\*
Ty = 1.68 x 1072 GeVyly (-
v x ¢ yeff(l TeV) < A )

Even for the most conservative values,

Yetr = 1, M, =1TeV, A = 10" GeV,

one obtains

Iy
I, ~1.68x107 GeV, e~ 1071

H(T =M,)

The inverse decay rate is further suppressed by SM
thermal number densities in a three-body initial state.
Thus T,,/H < 10713 and inverse decays are always out
of equilibrium.

2. Portal-mediated scatterings

The only remaining processes that could communicate
between the dark and visible sectors are the Z’-mediated
scatterings,

vf<xf. <[l ww < ff.
These preserve D, but if they were fast enough, they could
in principle transfer the dark asymmetry into the visible
sector and wash out the lepton asymmetry by coupling
efficiently to the L-violating interactions in the &; sector.

In our model the Z' is a light mediator in the MeV range,
and the dark gauge coupling ¢ is relatively large (¢ ~ 0.1)
in order to generate the desired self-interacting dark matter
cross section. However, the potentially dangerous washout
processes are not controlled by ¢’ alone, but by the portal
coupling of Z’ to the SM. This portal is very small in our
setup from the requirement of direct search. The kinetic
mixing parameter € is required to be very small (¢ < 107%),
as shown in Fig. 14 of the paper. As a result, the effective
coupling that enters SM-dark scatterings is

er = €9 ~ 107,

which is many orders of magnitude smaller than the
dark matter self-interaction coupling. For relativistic
7Z'-mediated scatterings the thermally averaged cross sec-
tion scales as (ov) ~ (gl)*/T?, while the number density
of SM fermions scales as n(T) ~ 7. Thus the scattering
rate may be written as

Fscatt(T) = I’l(T) <GU> = Cscatt(gleff)4T’

where ¢y is an O(1071) coefficient encoding spin sums,
thermal averaging, and numerical phase-space factors. At
the epoch of y decay (T ~ M,,), we obtain

I CscarMpi 10° Gev
seatt ,_scat (o) = 11X 10" (ghp)* | —— ).
H ~ 1.66,/g,M, My

For M, at TeV scale, with g/ ~ 107 (corresponding to
¢ ~0.1 and € ~ 107%), this gives

1—‘scatt ~1 0_2()

T=M,
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i.e., the scattering rate is too slow compared to the Hubble
rate. Thus the dark and visible sectors never approach
chemical equilibrium. Potentially dangerous washout chan-
nels being many orders of magnitude below the Hubble rate
in the allowed parameter region, the asymmetries produced
are safely preserved.

3. Absence of LNV processes after & decays

It is to be mentioned that, even if the portal interactions
were faster, they still would not wash out the lepton
asymmetry unless they also communicated with the

LNV processes. But LNV interactions in our model come
solely from the decays and inverse decays of the heavy ¢;
fields. Once the temperature drops below 7' < M, these
interactions are Boltzmann suppressed and effectively
decoupled. Thus there is no operational LNV channel
for any dark-visible process to couple to, and the vis-
ible-sector lepton asymmetry remains protected. Hence
neither the dark-sector asymmetry nor the visible lepton
asymmetry is affected by late-time decays or scatterings,
and no washout occurs anywhere in the parameter space
relevant for successful asymmetry generation.
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