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We propose a minimal model based on lepton number symmetry (and violation), to address a common
origin of baryon asymmetry, dark matter and neutrino mass generation. The model consists of a vectorlike
fermion to constitute the dark sector, three right-handed neutrinos (RHNs) to dictate leptogenesis and
neutrino mass, while an additional complex scalar is assumed to be present in the early Universe the decay
of which produces both dark matter and RHNSs via lepton number violating and lepton number conserving
interactions respectively. Interestingly, the presence of the same scalar helps in making the electroweak
vacuum stable until the Planck scale. The unnatural largeness and smallness of the parameters required to
describe correct experimental limits are attributed to lepton number violation. The allowed parameter space

of the model is illustrated via a numerical scan.
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I. INTRODUCTION

Standard Model (SM) has been extremely successful as a
gauge field theory in describing the fundamental constitu-
ents of this Universe and their interactions via electromag-
netic, weak and strong forces. After the discovery of a
Higgs-like boson at the Large Hadron Collider (LHC) [1],
SM also inherits a successful mass generation mechanism
and can be deemed complete. However, many unanswered
questions still persist. In particular, the quest for physics
beyond the Standard Model (BSM) or new physics (NP)
arises from observations like matter-antimatter asymmetry
of the Universe [z = "2 ~ O(107'%)] [2], dark matter
(DM) relic density [Qpyh? ~ O(0.1)] [3] and tiny but
nonzero neutrino masses [m, < O(1071%) GeV] [4-6]
amongst other theoretical/phenomenological motivations.
All these observations have been well addressed in literature
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from theoretical as well as phenomenological points of view
(albeit no experimental verification yet), but are most often
considered one or at most two at a time. It is therefore
tempting to consider a common framework that addresses
all of them together.

The type-I seesaw framework with three RHNs serves as
the minimal framework that addresses leptogenesis, neu-
trino mass and DM together, where the lightest RHN plays
the role of the DM candidate while the other two are
responsible for explaining nonzero neutrino masses and
baryogenesis via leptogenesis [7,8]. Apart from these
minimal type-I setups, there also exist several extensions
of type-I seesaw frameworks [9—17] which try to explain
these three crucial issues under the same umbrella. For
example, in Refs. [9-12], simultaneous decays of right-
handed neutrinos to visible and dark sector particles are
shown to account for the observed DM relic density as well
as baryon asymmetry of the Universe. However, amongst
existing efforts in this direction, a symmetry angle in tying
the knot has mostly been ignored, which we focus on here.

NP, although searched in different experiments, has not
been confirmed yet, indicating either heavy NP scale or
BSM fields feebly coupled to Standard Model (SM) or
both. For example, heavy Majorana right-handed neutrinos
(RHNSs) are instrumental in realizing tiny neutrino mass
via type-I seesaw [18-20], and can also explain matter-
antimatter asymmetry via leptogenesis [21,22]. Turning to
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the genesis of DM, nonthermal freeze-in provides feebly
interacting massive particles (FIMP) to acquire correct
relic density with a tiny coupling [~O(107'%)] to the
SM [23-28]. Such unusual small coupling or the heaviness
of RHNs, however, demands justification. In this regard,
we pose the following question: Is there any underlying
(global) symmetry in nature whose presence and breaking
are responsible for largeness like heavy RHN mass and
smallness like tiny neutrino mass or the DM freeze-in
couplings?

We argue that the global lepton number symmetry (LNS)
is one such possibility that can effectively justify the
question above. While LNS is respected by the renorma-
lizable Lagrangian in general, its breaking by certain terms
in the setup can be attributed to the smallness and largeness
of the respective coupling(s) and/or mass scale(s). The
setup constitutes a dark sector and an extended SM sector
comprising of three RHNs and a singlet scalar. While the
absence of a Majorana mass term for RHNs is a conse-
quence of the global LNS, their masses can be generated
due to the Planck scale lepton number breaking (linked
with gravity effect) in line with the recent finding [29]. We
further propose that DM production via freeze-in is also
caused by lepton number violation (LNV), so that the
associated tiny coupling can be justified. Together, our
proposal explains baryogenesis via leptogenesis, nonther-
mal DM production via freeze-in and correct neutrino mass
with minimal extension of SM where LNS and its violation,
through interactions with a scalar mediator, play the central
role in determining the strength of the associated inter-
actions. In fact, the decay of this scalar to the dark sector
(via LNV coupling) as well as RHN sector (via LN
conserving interaction) bridges a connection between them
in this model. Furthermore, the same scalar helps the
electroweak (EW) vacuum to remain absolutely stable all
the way to Planck scale.

Our paper is organized as follows: we describe the model
in Sec. II, production mechanism of RHN, DM and lepton
asymmetry in Sec. III, Boltzmann equations and solutions
to find allowed parameter space of the model in Sec. 1V,
vacuum stability in Sec. V and summarize in Sec. VL.

II. MODEL

As already mentioned, the model aims to address lepto-
genesis, DM and neutrino mass generation in a correlated
way and also aims to be minimal in construct. Concerning
the field content of the model, apart from SM fields, the
fermion sector consists of three RHNs N;, responsible for
neutrino mass generation via type-I seesaw as well as
baryogenesis via leptogenesis, and a vectorlike singlet
fermion y, which serves as the DM component of the
Universe. Apart, a scalar isosinglet ¢ is ideated to connect
DM and RHN sectors, which also aid to stabilize the EW
vacuum [30], as elaborated later in Sec. V. To establish the
connection via global LNS, we propose ¢ to carry a lepton

TABLE I. Relevant particles and their charge assignments.

Symmetries ¢ N; X Il
L -2 1 0 +1
Z, +1 +1 -1 +1

number L of —2 unit, RHNs carry the same L (41) as that
of SM leptons, while y remains neutral. To obtain a stable
DM, additional discrete Z, symmetry is imposed under
which y transforms as y — —y, while all other particles
remain even. The charge assignments under L and Z, are
shown in Table 1.

The lepton number conserving (LNC) renormalizable
Lagrangian (£Y?), invariant under SM gauge symmetry and
Z,, inherits the following interaction and mass terms:

+ My + Ay H HY ¢ + Hee., (1)

where {i,j = 1,2,3} denote family indices. H is the SM
Higgs isodoublet (A = io,H*), which acquires a vacuum
expectation value (VEV) v after electroweak symmetry
breaking (EWSB), parametrized by H = %(0,04— h)T,
where h is the 125 GeV Higgs boson discovered at
LHC [1]. ¢ does not acquire a VEV and hence keeps L
preserved. Note also the absence of a renormalizable DM-
SM interaction and Majorana mass term for RHNs in the
limit of exact LNC.

However, as any global symmetry is expected to be
broken by gravity effects, it is possible to generate masses
of RHNs by Planck scale (Mp) LNV as in [29], which we
adopt here. Furthermore, we propose additional LNV
Yukawa interaction connecting DM y and the field ¢.
Together, we have

—LY? C (Y, pixd +He.) + M;NSN,, (2)

with M|, < M, < M3(~M p). Though both terms in Eq. (2)
are of lepton number violating in nature, they can have
different origins. In particular, the Yukawa interaction
involving the DM and the ¢ field can be thought of as an
explicit LNV operator as ¢ carries a lepton number of two
units (negative) a la ¢ NN interaction of Eq. (1). Hence, the
corresponding dimensionless Yukawa coupling Y, can be
considered to be small enough which is technically natural
in ‘t Hooft’s sense [31]. On the other hand, although the
Majorana mass term for RHNs is also an LNV one, being
super-renormalizable, it is assumed to be of gravitational
origin in line with [29] and hence superheavy.

The specific hierarchy of three heavy RHNs as
M, < M, < M;(~Mp) can be justified as follows. First,
a democratic RHN mass matrix stems as a result of Planck
scale LNV by gravity [29] which is flavor blind, given by
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111
M=Mp|1 1 1], (3)
111

sparing a coefficient in front. A subsequent diagonalization
provides eigenvalues as (0,0,3Mp)). Second, this exact
democratic structure of the mass matrix is expected to be
perturbed by topological fluctuations [32,33] resulting
nonzero M , proportional to perturbations, so that M, <
M3 (=M p) is realized at the Planck scale. It has been shown
in [34] that M,, also receive quantum corrections.
However, it is quite possible that the quantum corrections
remain subdominant compared to the tree level masses of
M , introduced at the Planck scale itself, which we assume
here.! We provide concrete numerical estimate of M,
shortly.

Combining Egs. (1) and (2), one finds that ¢ can
simultaneously decay to visible sector (N;N;) via LNC
interactions (proportional to coupling Yy, of sizable
magnitude) and to dark sector (yy) via LNV interactions
(with feeble coupling Y,,). The heavy RHNs (N, ,) can

further decay to £ and H (and ZH) via the LNC channel.
A schematic of the framework is shown in Fig. 1. Note also
that the LNV term like /; Hy is prohibited by Z, symmetry
and keeps DM stable.” We may also think of another LNV
term: pyypH'H + H.c. in Eq. (2), where i,y is a dimen-
sion-full coupling. This would allow ¢ to decay further to
visible sector (hh) and help keeping ¢ in thermal bath.
Whether the term possesses gravitational origin or not,
the effect of this term in the phenomenology concerning the
DM production or leptogenesis is negligible as long as the
related decay width remains subdominant compared to that
to the RHN’s and total decay width of ¢ and not considered
further. This translates into the condition pyy < Yy, 4M .
We will comment on the magnitude of such pyy in the
context of perturbativity and vacuum stability in Sec. V.
Finally one should also note that due to the presence of
BSM particles and their interactions, the present setup is
also subject to different theoretical constraints. In order to
make the electroweak vacuum stable, the scalar potential
should be bounded from below which restricts the scalar
quartic couplings of the model. On the other hand, the
scalar quartic couplings (4;) along with all the Yukawa
couplings (in general denoted by Y;) involved in the
setup should remain perturbative provided |4;| < 4z and

|Y;| < V4z. These constraints have been taken into
account while doing the analysis.

'Possibilities such as M, only or both M, and M, masses
dominated by quantum corrections [34] are not suitable for our
analysis due to their extreme hierarchical nature.

It is easy to check that given the Z, charge assignments of the
fields, discrete anomaly free conditions [35] are satisfied to have a
gauge origin of the symmetry [36] to avoid Planck scale effects.

YN¢N6N¢

Conservation

de)XXd’

Lepton No.
Violation

Dark Matter production

y,,ZI:I N

Lepton Asymmetry

FIG. 1. Schematic representation of the model: ¢ couples to
the dark sector via LNV interaction while it interacts with
the visible sector through the LNC one. Moreover, CP violating
N — ¢H(¢ H) decays lead to lepton asymmetry.

ITII. PRODUCTION OF RHNs, DM
AND LEPTON ASYMMETRY

Let us now turn to DM and RHN production processes
in this setup. In Fig. 2, we show all possible production
channels for DM (y), and RHN N, (the lightest being
the most relevant) from particles in thermal bath including
¢ (which thermalizes via sizable portal coupling Ayp).
The production kinematics is dictated by the chosen
hierarchy:

vaX l
¢ _____ < S Ny
Ni, % H
¢\\ Nla(X)
~ . gb\ l
Ny | (%) \\ h<
6 N1, (%) ¢ N
h N17(X Ny X
QS N17(X Ny X

FIG. 2. Production of DM (y) and RHN (V).
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T,>My>2M, >2M,, (4)

where T, denotes maximum temperature available for the
production of a species.

We would like to also note here that we are agnostic
about the inflationary scenario and do not identify ¢ as
inflaton, unlike [37,38]; this becomes apparent once we
consider M, < T,, accessible to the reheat regime. N3
being superheavy is decoupled from the rest while N, is
considered to be heavier than M /2 for simplicity allowing
¢ to decay only to the N, pair.

Note that both the DM as well as RHN production is
dominated by the decay or the inverse decay processes. For
example, the scattering processes that produce DM are
further subdued by feeble Y, (LNV coupling) and/or large
¢ masses that appear in the propagator. The same is true for
N, production via scattering processes as the heavy ¢ mass
either is present at both ends of the initial state or appears in
the propagator in spite of sizable Yy , (LNC coupling).
Therefore, we consider ¢ — yy for DM production and
¢ — N{N; and £h — N, for RHN production and neglect
other processes safely.

For number densities of DM and N, and their subsequent
evolution, Boltzmann equations (BEQ) are used, which we
elaborate shortly. At this moment, we note that the lightest
RHN N,, once produced from ¢, further decays (CP
violating and out of equilibrium) to ZH(ZH) following
the LNC Yukawa interaction to create lepton asymmetry as
in the vanilla leptogenesis scenario (for a review, see
Ref. [39]). The CP asymmetry produced in these decays
as a result of the interference between tree level and one
loop decay amplitudes is given by [40]

1 Im[($59,)%, M?
el —S—ZMF(VQ, (5)
g Gudn 1
where F(x) =~ 3/2/x for hierarchical RHNs and J, is the

neutrino Yukawa coupling matrix in the mass diagonal
basis of RHNs, the form of which can be obtained using
Casas Ibarra (CI) parametrization [41]:

Y= PMNS \ m{R" vV Mg, (6)

where Mz(m?) represents diagonal RHN (light neutrino)
mass matrix, while Upyns [42] is the unitary matrix (in
charged lepton diagonal basis) required to diagonalize
m, = Upns™Upyns- Here, R is a 3 x 3 orthogonal
matrix that can be chosen as [43]

0 coszp singzg
R=|0 —sinzz coszz |, (7)
1 0 0

where zp = a + ib is a complex angle. While M3 is taken
to be Mp, the hierarchy between M, , can be expressed as
M, = rM,. For example, with M, = 10'! GeV, r = 100
and zp = 0.016-0.105/, we get the following Yukawa
matrix after CI parameterization:

0.0029 — 0.0004i
$,=| 0.0046—0.0006i
—0.0015 —0.0008i

—0.0127-0.0196i 0
0.0790-+0.0045i 0 |. (8)
0.0989—0.00193 0

Such a choice of zzx and M,, is motivated by the fact
that corresponding CP asymmetry turns out to be & =
1.4 x 1079, which enters into BEQ and generates correct
lepton asymmetry. Importantly, the model offers enough
freedom to judicious choices of parameters like y,, zz to
produce correct leptogenesis and neutrino mass, given M,
while the choice presented above is an example of its kind.

IV. BOLTZMANN EQUATIONS AND EVOLUTION
OF NUMBER DENSITY

We now elaborate on the evolution of number densities
via BEQs. ¢ being the source of DM/RHN production, the
yields of ¢ (Y,), Ny (Yy,), lepton asymmetry (Y,;) and
DM (Y,) are all coupled, dictated by the following set of
BEQs:

= = s (1 = (V57

s;z; [r(# = NiN1) +7(¢ = 22)]. (9)
d;’;v, _ Sll{z {y(fﬁ — NNy 2 v, <§zq - 1)] (10)
e () me o w
= {7(9’5 1) Y¢] (12)

Note that yield is defined by Y(<® 29 1p) s the
(equilibrium) number density, s = 0.44g Tz is the total
entropy density]; and z = M,,/T, where T is temperature.
The reaction density y is given by

y(a = bc) = n* 112—(21“(51 — bc), (13)

where K, are Bessel functions of first and second kind.
The starting point to solve for the coupled BEQs above is
T =T, (taken to be ~10M ), where we assume Y, =0,
Yy, =0, Yy, =0, Y, = Yf/)q. The yield in each case is
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TABLE II. Three characteristic benchmark values of M; and
ratio r = M, /M, are listed along with corresponding z; values
those satisfy correct baryon asymmetry. M (=M,) = 1013 GeV
and Yy, = 0.01 are kept constant. The dark sector is mostly
independent of the neutrino sector; for example, with DM
mass M, = 1500 GeV, the LNV coupling is required to be
Y,y = 1.2 x 1077 which provides correct relic density.

Benchmarks M, (GeV) r=M,/M, ZR

BP1 5% 10'° 10° 0.195 — 0.295i
BP2 1o 10? 0.016 — 0.105i
BP3 1012 10 0.032 — 0.025i

thereafter built by the dominant processes as mentioned in
Egs. (9)-(12).

In Table II, we show a few benchmark points (BP1/2/3)
that characterize the model with all relevant parameters (in
agreement to LNS and violation) required to produce
correct lepton asymmetry and observed DM relic density.
We would like to point out that the benchmark values®
of M, r and zy are chosen in a way so as to obtain the
correct amount of baryon asymmetry via leptogenesis
from the subsequent decay of N, with a fixed value of
M, (=M,) = 10'3 GeV. The choices of these parameters
also ensure correct neutrino mass generation via CI para-
metrization as described above. The value of LNC Yukawa
coupling is kept at a moderate value, Yy , = 0.01, so the
RHN remains out of equilibrium in the early Universe and
gradually thermalizes due to interactions with #-h. The
parameters M, r and zz however do not affect the dark
sector significantly. DM relic density can be obtained to the
desired value by choosing appropriate Y, for a given DM
mass (M), so that DM is produced from the decay of ¢
with M, > 2M,,. For example, with M, = 1500 GeV, the
required Y,, = 1.2x 1077. One can easily show that
correct DM relic can also be obtained for other DM mass
in the TeV ballpark by adjusting Y, with M, = 1013 GeV
as chosen for the benchmark points in Table II. It is
however intriguing to note: (i) the value of M, dictates
a limit on the RHN mass M, so that it is produced from
the ¢ decay as well as accounts for the correct lepto-
genesis and so is true for the DM mass (M) and, (ii) the
hierarchy between the Yukawa interactions Y,,/Yy 4~
10~ required for correct DM relic and leptogenesis can be
attributed to that of LNV to LNC according to the model
construct. Thus the model provides an interesting interplay
of these two sectors connecting via LNS and its breaking.

The numerical solution to BEQs for BP1, BP2 and BP3
is shown in Fig. 3. Concerning Y4 and its evolution [Eq. (9)

3Following Ref. [34], the quantum corrections to the tree level
values of M, (also for M,) turn out to be approximately 0.1, 1,
10% of their tree level masses for BP1/2/3 respectively.

BP1
0011 1

0.1 i 10 1001000 10° 10°

001} . .

1041 AN N e
10-6}

1078

10—10 -------------------------- E

10—12

10714

001} —v, T

0.1 i 10 100 1000 1of 105
M,
Z=—

T

FIG. 3. Solutions to BEQs [Egs. (9)—(12)] for BP1, BP2 and BP3
for evolution of Y, (red), Yy, (black), lepton asymmetry Y,
(orange) and DM Y, (purple). The black dotted line represents Yi?l
and the orange dashed line indicates the correct Y,; required to
produce the observed baryon asymmetry of the Universe. The red
dotted lines represent Y, in absence of ¢ — NNy, yy. We assume
Agn ~ 0.7, while other parameters can be seen from Table IL

and red thick lines in Fig. 3], interaction with SM via
thermal average annihilation cross section (6v,,_sy) due
to sizable Higgs portal A,y ~ 0.7 (see, for example, [44]),
helps ¢ to keep up with the thermal equilibrium in the early
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Universe. It decouples from the thermal bath due to the
depletion to SM final states as well as via decays to N,
pairs; in absence of ¢ - N;N; decay, ¢ freezes out as
shown by the red dotted line. For Y,, we also neglect
inverse decays N\N| — ¢,y — ¢, since the initial abun-
dances of N, and y are vanishingly small, and neglect the
decay contribution to DM (¢ — yy) as it is much much
smaller due to Y, < Yy, 4, 44 We may note here that if
we keep A,y larger or smaller within the same ballpark,
there is no significant effecton Yy , Y, and Y, , except that
¢ freezes out later (earlier).

Turning to Yy, [Eq. (10) and black thick line in
Fig. 3], processes that contribute significantly apart from
¢ — NN, are N\ - [H, N, - IH, I[H - N,, [H - N,.
They eventually bring Yy, into equilibrium (black dotted
line). We see that in Fig. 3, the abundance of N, gradually
increases with production from ¢ and inverse decays of £h
and reaches equilibrium. It then tracks the equilibrium
distribution owing to its sizable Yukawa coupling with the
SM leptons and Higgs.

Decay of N, to #H(ZH) is responsible for generating
lepton asymmetry Y,; = Y, — Y7 described via Eq. (11)
and shown by the orange thick line in Fig. 3. Y,; being
proportional to & [first term in Eq. (11)], is responsible for
the rise in asymmetry, which gradually fades due to
washout by inverse decays /H(IH) — N, denoted by the
second term in Eq. (11). As temperature falls below M, the
washout processes get suppressed and once N decays are
complete, the asymmetry saturates (gray dashed line). The
asymptotic yield Y, is eventually transferred to baryons
(Yp) (via electroweak sphalerons above T ~ 100 GeV)
following, Yp = Y%, with ¢ =28/51 [39] to produce
Y = (8.754+0.23) x 10711

Finally, BEQ for DM (y) is shown in Eq. (12) and via the
purple thick lines in Fig. 3, owing to the only nonthermal
production from ¢. It shows a typical DM freeze-in pattern
for Y, to accumulate correct relic (thz =0.120 £ 0.001)
[3], which follows a well-known relation with the asymp-
totic yield as

M
Q% = 2755 x 108 (ﬁ) Y, (2e0)- (14)

Spot the absence of the late decay contribution of ¢ to DM
freeze-in, due to its tiny branching to DM, compared to
RHN, thanks to LNS and its violation. Interestingly, the late
decay contribution to N; yield is also not visible due to the
presence of 7, H interactions with N;, which dominates
over the ¢ NN, interaction. At this point, it might seem
obscure the importance of LNC interaction ¢ NN in the
framework as in absence of it, N; can still be produced
from inverse decays and lepton asymmetry can also be
generated. However, note that the allocation of lepton
number to ¢ is made via this interaction only and as a

Relic density allowed points

— My=10"GeV

5.x1077}

=3
> 2.x107}

1.x1077}

100 200 500 1000 2000
My[GeV]

FIG.4. Y ypasa function of DM mass M, to accumulate correct
relic density (€,h* = 0.120 £ 0.001) for M, = 10'* GeV.

result, we could label the other interaction of ¢ (with DM y)
as a LNV one so as to attribute the smallness of the
corresponding coupling to it. To be more specific, both
the interactions of ¢ (with RHNs and DM) are rel-
evant enough from the LNS symmetry point of view and
its violation.

DM relic density allowed parameter space in the
Y,y —M, plane for different M, in agreement to the
benchmark point choices is shown in Fig. 4. The fall in
the Yukawa coupling with the increasing dark matter
mass can be easily understood by the expression of the
relic density as in Eq. (14), proportional to both the dark
matter mass and the dark matter yield; now, if the DM
mass increases the DM yield has to decrease which can
only be achieved with lower values of the Yukawa
coupling, Y,,.

V. EW VACUUM STABILITY

We discuss here the fate of the EW vacuum in this
model. This would be particularly interesting due to the
presence of the additional scalar ¢» and RHNs in our setup.
It is well known that within the SM itself, the Higgs quartic
coupling (4y) turns negative at a scale around Agy ~
10'9 GeV [45-49] with top quark mass m, ~ 173.2 GeV
leading to a possible instability of the EW vacuum. The
conclusion depends crucially on the precise value of the top
mass though. The situation may worsen (i.e., Ay can be
negative at a scale before Agy) in the presence of the
RHNs [30,50] having sizable Yukawa coupling. On the
contrary, the presence of the additional scalar ¢ in the spec-
trum can potentially influence the running of the Higgs
quartic coupling in a positive way, thanks to its Higgs portal
interaction. Here comes the significance of ¢ assumed in
the model. While on one hand, ¢ bridges the connection
between the RHN and DM sector, an interesting interplay
between the neutrino Yukawa coupling (y,) and scalar-
Higgs portal coupling (4,y) decides the fate of EW
vacuum.
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The scalar potential involving the Higgs and ¢ field [part
of which is already present in Eq. (1)] is given by

V(H,¢) = —up | HI> + 2 |H|* + MG ¢ + 24 (" h)*
+ ou|HI* (9" ) + pyu (¢ + ¢*)H'H,  (15)

where we retain the trilinear term proportional to y,y and
rescale it in terms of My as uyy = aypM, and wish to
estimate its role in EW vacuum stability. Note that by
integrating out the heavy scalar ¢, the effective scalar
potential below the scale m, can be written as

Vet = —py[HI? + (A — a3, /2)|H*. (16)

The second term should coincide with the SM Higgs
quartic term and, hence, the matching condition at scale m,

At = (A — ag/2), (17)

results. In order for the above scalar potential of Eq. (15) to
be bounded from below, the conditions are Ay,4,4 > 0;
Apr + 24/AuAy > 0. Furthermore, the scalar quartic cou-
plings should be less than 4z at any scale® below the
Planck one. Using this perturbativity limit on Az and the
value of the SM Higgs quartic coupling at M, = 1083 GeV
(due to running), we find ayy < 1 which in turn indicates
M < My. Such a finding supports our previous consid-
eration of ignoring the contribution of this trilinear term in
the DM phenomenology. In the same line, we ignore its
contribution in the following discussion on vacuum stabil-
ity as well by considering its magnitude to be vanish-
ingly small.

A complete list of § functions of all the couplings
involving the RHN and a singlet scalar can be found in
existing literature including [51]. Among them, the con-
tributions of RHN and the scalar singlet in the $ function of
Higgs quartic coupling can be written as

Br = B + BEN + 57 (18)
where
RAN — 42 Tr[909,) - 2Te[(519,)%).  f), =243,.  (19)
in one loop. Note that the y, used above is defined
in Eq. (6).
The requirement of Ay > 0 at high scale guarantees

absolute stability of the EW vacuum. On the other hand, if
it happens to be negative at some scale, a second deeper

“The unitarity constraints are found to be less stringent
compared to this.

TABLE III. Values of the relevant SM couplings [top-quark
Yukawa y,, gauge couplings g; (i = 1, 2, 3) and Higgs quartic
coupling Ay] at energy scale y = m, = 173.2 GeV with m;, =
125.09 GeV and ag(m,) = 0.1184.

Scale An Vi g1 9 g3
u=m, 0.125932 0.93610 0.357606 0.648216 1.16655

minimum may exist. In this case, if the tunneling proba-
bility Pr of EW vacuum to the second minimum is longer
than the age of the Universe (T'), then metastability of the
EW vacuum can be ensured. The tunneling probability is
given by [45,52]

87

2
PT = T‘bﬂ%e_ml-l(us)\’ (20)

where pp is the scale at which the tunneling probability is
maximized and is determined from the condition
P, (p) = 0. Metastability then requires

—-0.065

A1) > o)

(1)

Here the running of all the SM and BSM couplings of
the present setup is performed in two loops (using SARAH
[53])” in three steps: (i) u = m, to M, (i) u = M, to M,
and (iii) u = M,(~M;) to Mp. The initial conditions of
all relevant SM couplings such as top-quark Yukawa y,,
gauge couplings g; (i = 1, 2, 3) and Higgs quartic coupling
Ay are provided in Table III at u = m, [45], where we
consider m; =125.09GeV, m,=173.2GeV and ag(my) =
0.1184.

In Fig. 5, we show the running of the Higgs quartic
coupling with the energy scale u for the parameters
associated with BP2 of Table II. The running of 4z in
the SM is shown in red while the effect of scalar-Higgs
portal coupling is observed in the green portion for
Agr = 0.7 and in the orange part for 4,5 = 0.3 between
# = My(~M,) to Mp. The blue shaded line shows the
evolution of Ay between u = M; and pu = M, which
essentially overlaps with the SM running. This is because
Tr[$;9,] = 0.017 being relatively small (compared to 0.5 as
observed in [30,50] in order to observe any significant
deviation), we do not expect much influence of RHNs on
the renormalization group evolution of A;. However, we
note that a sizable Higgs portal coupling of ¢ ~ 0.7 is
capable of keeping the EW vacuum absolutely stable until
the Planck scale. This being a salient feature of the presence
of the ¢ field in the setup, we can also recollect that the
same portal coupling was helpful in keeping the ¢ in
thermal bath and give birth to both DM and RHNS.

*We neglect running of Y, 4, due to its tiny value ~1077.
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FIG. 5. The RG evolution of the Higgs quartic coupling Ay

against the scale y. The red line shows the running of Higgs quartic
coupling in the SM while the effect of scalar-Higgs portal coupling
can be seen in green for 155 = 0.7 and in orange for Ayy = 0.3
between u = M, to M p. The blue line shows the evolution of 14
between yu = M, and u = M. We use the parameters as in BP2.

VI. SUMMARY

The paper outlines the possibility of addressing neutrino
mass generation, the plethora of matter over antimatter in the
Universe and FIMP-type dark matter to provide the correct
relic density together via lepton number symmetry (and
violation) naturally justifying the heaviness and smallness of
NP parameters and null observation in current experiments.

Here, the SM particle spectrum is extended minimally
with a heavy complex scalar ¢, three right-handed neu-
trinos (N;), and a vectorlike fermion (y) all singlet under the
SM gauge symmetry. An additional unbroken Z, sym-
metry, under which the newly introduced vectorlike fer-
mion is nontrivially charged while all the other particles
remain even, makes y a stable DM candidate. In addition,
we also assign —2 unit of lepton charge to the complex
scalar so that it can couple directly to the RHNs with a LNC
Yukawa interaction (Yy 4). On the contrary to this, the
complex scalar interacts with the DM with a LNV Yukawa
interaction (Y,4). Therefore, the singlet scalar ¢, which is
assumed to be in a thermal bath in the earlier Universe
through sizable Higgs-portal coupling, simultaneously
decays to produce the RHN and the DM via LNC and

LNV interactions respectively. This naturally addresses the
out-of-equilibrium nonthermal DM production via tiny
LNV DM-SM coupling, hitherto unexplained in literature.
Considering the fact that one of the RHNs, N5, gets mass at
Planck scale due to the breaking of lepton number by
gravity effects, the other two RHNs acquire masses at a
much lower scale by quantum effects and address neutrino
mass generation by type-I seesaw. Once the lightest RHN is
produced from the decay of the ¢ field, its further decay to
the SM lepton and Higgs to generate the asymmetry in the
visible sector by judicious choice of the lepton-Higgs
Yukawa coupling. It is worth reiterating that the model
not only connects the DM genesis and leptogenesis via
symmetry (and breaking) arguments, but also explains the
motivation for the connection via ¢ to achieve vacuum
stability of EW potential all the way up to Planck scale.

The feasibility of the model and possible choices of the
parameters are demonstrated by a few representative
benchmark points to successfully address all three phe-
nomena together. The numerical solution to the coupled
BEQs responsible for generating lepton asymmetry and
DM relic are explicitly demonstrated, yielding a correlation
between the LNC and LNV Yukawa interactions. While the
benchmark points chosen are not exhaustive, they indicate
the range of masses and interaction strengths that validate
the model. The “common link” ¢) between the DM and the
RHN sector plays a crucial role in guiding the parameters.
For example, absent the decay of ¢ to RHN, the mass of ¢
and Y, can be of completely different strengths unlike the
ones in Fig. 4. The model naturally consists of either very
heavy or feebly coupled NP, and does not promise an early
detection in next-generation experiments. However, a
further extrapolation of the setup with the identification
of the ¢ as the inflaton may open up new directions.

ACKNOWLEDGMENTS

S. B. acknowledges Grant No. CRG/2019/004078 from
SERB, Government of India. A. S. acknowledges the support
from Grants No. CRG/2021/005080 and No. MTR/2021/
000774 from SERB, Government of India. R.R. was
supported by the National Research Foundation of Korea
(NRF) grant funded by the Korean government (No. NRF-
2020R1C1C1012452)

[1] S. Chatrchyan et al. (CMS Collaboration), Observation of a
new boson at a mass of 125 GeV with the CMS experiment
at the LHC, Phys. Lett. B 716, 30 (2012).

[2] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020).

[3] N. Aghanim er al. (Planck Collaboration), Planck 2018
results. V. CMB power spectra and likelihoods, Astron.
Astrophys. 641, A5 (2020).

[4] Y. Fukuda et al. (Super-Kamiokande Collaboration), Evi-
dence for Oscillation of Atmospheric Neutrinos, Phys. Rev.
Lett. 81, 1562 (1998).

075005-8


https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.81.1562

SYMMETRY ORIGIN OF BARYON ASYMMETRY, DARK MATTER, ...

PHYS. REV. D 106, 075005 (2022)

[5] Q.R. Ahmad et al. (SNO Collaboration), Direct Evidence
for Neutrino Flavor Transformation from Neutral Current
Interactions in the Sudbury Neutrino Observatory, Phys.
Rev. Lett. 89, 011301 (2002).

[6] M.H. Ahn et al. (K2K Collaboration), Indications of
Neutrino Oscillation in a 250 km Long Baseline Experi-
ment, Phys. Rev. Lett. 90, 041801 (2003).

[7]1 T. Asaka, S. Blanchet, and M. Shaposhnikov, The ytMSM,
dark matter and neutrino masses, Phys. Lett. B 631, 151
(2005).

[8] A. Datta, R. Roshan, and A. Sil, Imprint of Seesaw on FIMP
Dark Matter and Baryon Asymmetry, Phys. Rev. Lett. 127,
231801 (2021).

[9] A. Falkowski, J. T. Ruderman, and T. Volansky, Asymmet-
ric dark matter from leptogenesis, J. High Energy Phys. 05
(2011) 106.

[10] A. Falkowski, E. Kuflik, N. Levi, and T. Volansky, Light
dark matter from leptogenesis, Phys. Rev. D 99, 015022
(2019).

[11] A. Biswas, S. Choubey, L. Covi, and S. Khan, Common
origin of baryon asymmetry, dark matter and neutrino mass,
J. High Energy Phys. 05 (2019) 193.

[12] A. Dutta Banik, R. Roshan, and A. Sil, Neutrino mass and
asymmetric dark matter: study with inert Higgs doublet and
high scale validity, J. Cosmol. Astropart. Phys. 03 (2021)
037.

[13] N. Cosme, L. Lopez Honorez, and M. H. G. Tytgat, Lepto-
genesis and dark matter related?, Phys. Rev. D 72, 043505
(2005).

[14] H. An, S.-L. Chen, R.N. Mohapatra, and Y. Zhang,
Leptogenesis as a common origin for matter and dark
matter, J. High Energy Phys. 03 (2010) 124.

[15] M. Chianese, B. Fu, and S.F. King, Minimal seesaw
extension for neutrino mass and mixing, leptogenesis and
dark matter: FIMPzillas through the right-handed neutrino
portal, J. Cosmol. Astropart. Phys. 03 (2020) 030.

[16] E.J. Chun, Minimal dark matter and leptogenesis, J. High
Energy Phys. 03 (2011) 098.

[17] B. Barman, D. Borah, and R. Roshan, Nonthermal lepto-
genesis and UV freeze-in of dark matter: Impact of infla-
tionary reheating, Phys. Rev. D 104, 035022 (2021).

[18] R.N. Mohapatra and G. Senjanovic, Neutrino Mass and
Spontaneous Parity Nonconservation, Phys. Rev. Lett. 44,
912 (1980).

[19] J. Schechter and J. W. F. Valle, Neutrino masses in SU(2) x
U(1) theories, Phys. Rev. D 22, 2227 (1980).

[20] J. Schechter and J. W. FE. Valle, Neutrino decay and sponta-
neous violation of lepton number, Phys. Rev. D 25, 774
(1982).

[21] M. Fukugita and T. Yanagida, Baryogenesis without grand
unification, Phys. Lett. B 174, 45 (1986).

[22] W. Buchmuller, P. Di Bari, and M. Plumacher, Leptogenesis
for pedestrians, Ann. Phys. (Amsterdam) 315, 305 (2005).

[23] L.J. Hall, K. Jedamzik, J. March-Russell, and S. M. West,
Freeze-in production of FIMP dark matter, J. High Energy
Phys. 03 (2010) 080.

[24] N. Bernal, M. Heikinheimo, T. Tenkanen, K. Tuominen, and
V. Vaskonen, The dawn of FIMP dark matter: A review of
models and constraints, Int. J. Mod. Phys. A 32, 1730023
(2017).

[25] B. Barman, S. Bhattacharya, and M. Zakeri, Non-Abelian
vector boson as FIMP dark matter, J. Cosmol. Astropart.
Phys. 02 (2020) 029.

[26] B. Barman, D. Borah, and R. Roshan, Effective theory of
freeze-in dark matter, J. Cosmol. Astropart. Phys. 11 (2020)
021.

[27] B. Barman, S. Bhattacharya, and B. Grzadkowski, Feebly
coupled vector boson dark matter in effective theory, J. High
Energy Phys. 12 (2020) 162.

[28] P. Konar, R. Roshan, and S. Show, Freeze-in dark matter
through forbidden channel in U(1)_, , J. Cosmol. Astropart.
Phys. 03 (2022) 021.

[29] A. Ibarra, P. Strobl, and T. Toma, Neutrino Masses from
Planck-Scale Lepton Number Breaking, Phys. Rev. Lett.
122, 081803 (2019).

[30] P. Ghosh, A.K. Saha, and A. Sil, Study of electroweak
vacuum stability from extended Higgs portal of dark matter
and neutrinos, Phys. Rev. D 97, 075034 (2018).

[31] G.’t Hooft, Naturalness, chiral symmetry, and spontaneous
chiral symmetry breaking, NATO Sci. Ser. B 59, 135 (1980).

[32] S.R. Coleman, Black holes as red herrings: Topological
fluctuations and the loss of quantum coherence, Nucl. Phys.
B307, 867 (1988).

[33] S.B. Giddings and A. Strominger, Loss of incoherence and
determination of coupling constants in quantum gravity,
Nucl. Phys. B307, 854 (1988).

[34] A. Ibarra, P. Strobl, and T. Toma, Two-loop renormalization
group equations for right-handed neutrino masses and phe-
nomenological implications, Phys. Rev. D 102, 055011
(2020).

[35] L.E. Ibanez and G.G. Ross, Discrete gauge symmetry
anomalies, Phys. Lett. B 260, 291 (1991).

[36] L. M. Krauss and F. Wilczek, Discrete Gauge Symmetry in
Continuum Theories, Phys. Rev. Lett. 62, 1221 (1989).

[37] G.FE. Giudice, M. Peloso, A. Riotto, and I. Tkacheyv,
Production of massive fermions at preheating and lepto-
genesis, J. High Energy Phys. 08 (1999) 014.

[38] F. Hahn-Woernle and M. Plumacher, Effects of reheating on
leptogenesis, Nucl. Phys. B806, 68 (2009).

[39] S. Davidson, E. Nardi, and Y. Nir, Leptogenesis, Phys. Rep.
466, 105 (2008).

[40] L. Covi, E. Roulet, and F. Vissani, CP violating decays in
leptogenesis scenarios, Phys. Lett. B 384, 169 (1996).

[41] J. Casas and A. Ibarra, Oscillating neutrinos and y — e, y,
Nucl. Phys. B618, 171 (2001).

[42] P. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

[43] S. Antusch, P. Di Bari, D. Jones, and S. King, Leptogenesis
in the two right-handed neutrino model revisited, Phys. Rev.
D 86, 023516 (2012).

[44] A. Biswas, D. Majumdar, A. Sil, and P. Bhattacharjee, Two
component dark matter: A possible explanation of 130 GeV
y-ray line from the Galactic Center, J. Cosmol. Astropart.
Phys. 12 (2013) 049.

[45] D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F.
Sala, A. Salvio, and A. Strumia, Investigating the near-
criticality of the Higgs boson, J. High Energy Phys. 12
(2013) 089.

[46] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F.
Giudice, G. Isidori, and A. Strumia, Higgs mass and vacuum

075005-9


https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.90.041801
https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1103/PhysRevLett.127.231801
https://doi.org/10.1103/PhysRevLett.127.231801
https://doi.org/10.1007/JHEP05(2011)106
https://doi.org/10.1007/JHEP05(2011)106
https://doi.org/10.1103/PhysRevD.99.015022
https://doi.org/10.1103/PhysRevD.99.015022
https://doi.org/10.1007/JHEP05(2019)193
https://doi.org/10.1088/1475-7516/2021/03/037
https://doi.org/10.1088/1475-7516/2021/03/037
https://doi.org/10.1103/PhysRevD.72.043505
https://doi.org/10.1103/PhysRevD.72.043505
https://doi.org/10.1007/JHEP03(2010)124
https://doi.org/10.1088/1475-7516/2020/03/030
https://doi.org/10.1007/JHEP03(2011)098
https://doi.org/10.1007/JHEP03(2011)098
https://doi.org/10.1103/PhysRevD.104.035022
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/j.aop.2004.02.003
https://doi.org/10.1007/JHEP03(2010)080
https://doi.org/10.1007/JHEP03(2010)080
https://doi.org/10.1142/S0217751X1730023X
https://doi.org/10.1142/S0217751X1730023X
https://doi.org/10.1088/1475-7516/2020/02/029
https://doi.org/10.1088/1475-7516/2020/02/029
https://doi.org/10.1088/1475-7516/2020/11/021
https://doi.org/10.1088/1475-7516/2020/11/021
https://doi.org/10.1007/JHEP12(2020)162
https://doi.org/10.1007/JHEP12(2020)162
https://doi.org/10.1088/1475-7516/2022/03/021
https://doi.org/10.1088/1475-7516/2022/03/021
https://doi.org/10.1103/PhysRevLett.122.081803
https://doi.org/10.1103/PhysRevLett.122.081803
https://doi.org/10.1103/PhysRevD.97.075034
https://doi.org/10.1007/978-1-4684-7571-5_9
https://doi.org/10.1016/0550-3213(88)90110-1
https://doi.org/10.1016/0550-3213(88)90110-1
https://doi.org/10.1016/0550-3213(88)90109-5
https://doi.org/10.1103/PhysRevD.102.055011
https://doi.org/10.1103/PhysRevD.102.055011
https://doi.org/10.1016/0370-2693(91)91614-2
https://doi.org/10.1103/PhysRevLett.62.1221
https://doi.org/10.1088/1126-6708/1999/08/014
https://doi.org/10.1016/j.nuclphysb.2008.07.032
https://doi.org/10.1016/j.physrep.2008.06.002
https://doi.org/10.1016/j.physrep.2008.06.002
https://doi.org/10.1016/0370-2693(96)00817-9
https://doi.org/10.1016/S0550-3213(01)00475-8
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.86.023516
https://doi.org/10.1103/PhysRevD.86.023516
https://doi.org/10.1088/1475-7516/2013/12/049
https://doi.org/10.1088/1475-7516/2013/12/049
https://doi.org/10.1007/JHEP12(2013)089
https://doi.org/10.1007/JHEP12(2013)089

BHATTACHARYA, SIL, ROSHAN, and VATSYAYAN

PHYS. REV. D 106, 075005 (2022)

stability in the Standard Model at NNLO, J. High Energy
Phys. 08 (2012) 098.

[47] Y. Tang, Vacuum stability in the standard model, Mod. Phys.
Lett. A 28, 1330002 (2013).

[48] J. Ellis, J.R. Espinosa, G.F. Giudice, A. Hoecker, and
A. Riotto, The probable fate of the standard model, Phys.
Lett. B 679, 369 (2009).

[49] J. Elias-Miro, J.R. Espinosa, G.F. Giudice, G. Isidori,
A. Riotto, and A. Strumia, Higgs mass implications on
the stability of the electroweak vacuum, Phys. Lett. B 709,
222 (2012).

[50] S. Bhattacharya, P. Ghosh, A.K. Saha, and A. Sil, Two
component dark matter with inert Higgs doublet: Neutrino
mass, high scale validity and collider searches, J. High
Energy Phys. 03 (2020) 090.

[51] A.K. Saha and A. Sil, Higgs vacuum stability and modified
chaotic inflation, Phys. Lett. B 765, 244 (2017).

[52] G. Isidori, G. Ridolfi, and A. Strumia, On the metastability
of the standard model vacuum, Nucl. Phys. B609, 387
(2001).

[53] F. Staub, SARAH 4: A tool for (not only SUSY) model
builders, Comput. Phys. Commun. 185, 1773 (2014).

075005-10


https://doi.org/10.1007/JHEP08(2012)098
https://doi.org/10.1007/JHEP08(2012)098
https://doi.org/10.1142/S0217732313300024
https://doi.org/10.1142/S0217732313300024
https://doi.org/10.1016/j.physletb.2009.07.054
https://doi.org/10.1016/j.physletb.2009.07.054
https://doi.org/10.1016/j.physletb.2012.02.013
https://doi.org/10.1016/j.physletb.2012.02.013
https://doi.org/10.1007/JHEP03(2020)090
https://doi.org/10.1007/JHEP03(2020)090
https://doi.org/10.1016/j.physletb.2016.12.031
https://doi.org/10.1016/S0550-3213(01)00302-9
https://doi.org/10.1016/S0550-3213(01)00302-9
https://doi.org/10.1016/j.cpc.2014.02.018

