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ABSTRACT: We study a scenario where both dark matter and heavy right handed neu-
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walls formed as a result of a TeV scale supercooled first order phase transition (FOPT).
While this leads to a large out-of-equilibrium abundance of right handed neutrino inside the
bubble sufficient to produce the required lepton asymmetry, the dark matter being lighter
can still remain in equilibrium with its relic being set by subsequent thermal freeze-out.
A classical conformal symmetry ensures the origin of mass via FOPT induced by a singlet
scalar while also ensuring supercooling leading to enhanced gravitational wave amplitude
within the sensitivity of the LISA experiment. A minimal scenario with three RHN, one
inert scalar doublet and one singlet scalar as additional fields beyond the standard model
is sufficient to realize this possibility which also favours inert RHN dark matter over inert
scalar doublet.
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1 Introduction

The observed baryon asymmetry of the universe (BAU) has been a longstanding puzzle in
cosmology and particle physics. While only around 5% of the present universe is made up
of baryonic matter, the observed excess of baryons over anti-baryons is quoted in terms of
the baryon to photon ratio as [1]

np = BB+ 6.9 % 10710, (1.1)

Ny

based on the cosmic microwave background (CMB) measurements which also agrees well
with the big bang nucleosynthesis (BBN) estimates [2]. Assuming the universe to start in a
matter-antimatter symmetric manner, the observed BAU can be generated dynamically if
certain conditions, known as the Sakharov’s conditions [3] are satisfied. Since the standard
model (SM) fails to satisfy these criteria in required amount, several ways of generating the
BAU has been proposed. In one such popular scenario, known as baryogenesis [4, 5], out-of-
equilibrium decay of a heavy particle is responsible for generating the observed BAU. One
interesting way to achieve baryogenesis is leptogenesis [6] where a non-zero lepton asymme-
try is first generated which later gets converted into the BAU via electroweak sphalerons [7].
While this asymmetric baryonic matter comprises 5% of the present universe, the total mat-
ter content of the universe is around 32% with the significant portion being in the form of
a non-luminous, non-baryonic form of matter, known as dark matter (DM). While relative
abundance of DM is approximately 27%, it is conventionally reported in terms of density



parameter Qpyy and reduced Hubble constant h = Hubble Parameter /(100 km s~ Mpc™!)
as [1]
Qpmh? = 0.120 £ 0.001 (1.2)

at 68% CL. Similar to BAU, there is no explanation for DM in the SM, leading to a
plethora of beyond standard model (BSM) scenarios. The weakly interacting massive
particle (WIMP) paradigm has been the most widely studied particle DM scenario where
a DM particle having mass and interactions around the electroweak ballpark naturally
gives rise to the observed DM relic via thermal freeze-out, a remarkable coincidence often
referred to as the WIMP Miracle.

In generic seesaw scenarios, there exists a lower bound on the scale of leptogenesis
M; > 10° GeV, known as the Davidson-Ibarra bound [8] if such asymmetries arise from
out-of-equilibrium decay.! This keeps the scale of leptogenesis far away from any direct
experimental probe. In scenarios where lepton asymmetry is generated from decay, in-
troduction of additional fields on top of the ones required to implement a generic seesaw
model of neutrino mass, can alleviate such strong lower bound on the scale of leptogene-
sis [13-23]. Even in such leptogenesis from decay type scenarios, there is another way to
have TeV scale leptogenesis by resonant enhancement of the CP asymmetry, known as the
resonant leptogenesis [24, 25] with fine-tuned mass splitting between decaying particles.
Even for such TeV scale leptogenesis, the decaying particle say, a right handed neutrino,
has very tiny couplings with leptons in order to satisfy light neutrino masses, making it
difficult to probe it directly. Thus, leptogenesis from decay, in general, has limited direct
experimental probe [26]. This has led to some recent attempts in finding ways to probe
leptogenesis via stochastic gravitational wave (GW) observation [27-35]. While some of
these works rely upon topological defects like cosmic strings, domain walls formed as a
result of symmetry breaking [27-31], others consider a first order phase transition (FOPT)
to be responsible for generating GW [32-35]. Similarly, there have been attempts in finding
complementary DM probes like stochastic GW background [36—-44], specially in view of the
continued null results at direct detection experiments [45].

Motivated by this, we consider a minimal scenario where both leptogenesis and DM are
triggered by a strong first order phase transition with observable GW signatures. Similar
to the baryogenesis mechanism adopted in [32] followed by leptogenesis implementation
in [34, 35], we consider a scenario where DM as well as right handed neutrino responsible
for leptogenesis acquire masses in a FOPT by crossing the relativistic bubble walls.? Unlike
additional gauge symmetries considered in these works, here we consider a minimal scenario
without any gauge extension of the SM. Adopting a classical conformal symmetry required
to generate masses of gauge singlet fermions via FOPT as well as to enhance the strength via
supercooling, we first consider the conformal version of the minimal scotogenic model [48].
While this model contains DM as well as right handed neutrino (RHN) responsible for
leptogenesis, we find that it is not possible to get the desired leptogenesis from RHN decay.

"However, it is worth mentioning that, lepton asymmetry can also be generated from oscillations [9-12]
where the scale of leptogenesis in minimal seesaw model can be as low as sub-GeV scale.
2See [46, 47] for other scenarios connecting FOPT to baryogenesis.



This is due to strict constraints on the hierarchy of massive fields like DM and RHNs
coupling to the singlet scalar field which is also driving the FOPT. We then adopt a hybrid
setup with type I and scotogenic origin of light neutrino masses and discuss the resulting
phenomenology of DM, leptogenesis and GW. With only five additional BSM fields, the
model remains successful and predictive at experiments operational at different frontiers.

This paper is organised as follows. In section 2 we briefly discuss the conformal version
of the scotogenic model followed by the details of first order phase transition in section 3.
In section 4, we discuss the details of gravitational wave production followed by discussion
of leptogenesis and dark matter in section 5. Finally, we conclude in section 6.

2 Conformal scotogenic model

In order to realize a supercooled phase transition along with leptogenesis and dark matter,
we first consider the conformal or scale invariant version [49] of the minimal scotogenic
model [48] where the SM is extended by three gauge singlet right handed neutrinos N;
(with 7 = 1,2, 3), one additional scalar doublet 7. An additional Z5 symmetry is imposed
under which these newly added particles are odd while all SM particles are even. In order
to preserve the conformal nature and generate masses, an additional Z5 even singlet scalar
S is introduced.
The leptonic Yukawa Lagrangian relevant for light neutrino mass is

1 _
£ JYGSNN; + (Yy; LiiNj + hue.) (2.1)

Clearly, there is no coupling of neutrinos to the SM Higgs doublet ®; due to the unbroken
Zo symmetry. However, light neutrino masses arise at radiative level with Z, odd particles
taking part in the loop.

The scalar potential of the model can be written as

A A 1 A
V(@1,7.8) = S0l + 22l 4 Mol Pl + A"+ l@lnl? + | (@) + e
+)\6‘(I)1’252 —|—)\7|77’252. (2.2)

where @, is the SM Higgs doublet. Light neutrino masses which arise at one loop level can
be evaluated as [48, 50]

Yir Y My, M3 m3 mﬁo m2
= 1 - 1
)iy =2 =55 mZo — M2 MZ  mZ, — MZ M2
Yir Y My,
—z o [Le(mipe) = Li(m%o)] (2.3)

where M}, is the mass eigenvalue of the mass eigenstate N in the internal line and the
indices 7,7 = 1,2,3 run over the three neutrino generations as well as three copies of NV;.
Also, A% HY are the neutral pseudoscalar and scalar respectively contained in 7. The
function Li(m?) is defined as

Lip(m?) = ———— In— . (2.4)



Using the physical scalar mass expressions [21], one can write m%,o — mio = A5v2, where
Uew 18 the vacuum expectation value (VEV) of SM Higgs doublet. Thus, light neutrino
mass is directly proportional to the parameter A\5. In upcoming discussions, we will discuss
the effects of A5 in details.

3 First order phase transition

Here we are interested in the phase transition driven by the singlet scalar field at a scale
above the electroweak scale as preferred from leptogenesis point of view. For electroweak
phase transition in minimal scotogenic model without any conformal symmetry or singlet
scalar, please refer to earlier work [51].

In order to study the details of FOPT in conformal scotogenic model, we first write
down the full one-loop potential which can be schematically divided into following form:

‘/tot = Vfree + VCW + ‘/thy (31)

where Viee, Vow and Vi, denote the tree level scalar potential, the one-loop Coleman-
Weinberg potential, the thermal effective potential, respectively. The tree level scalar
potential is given by eq. (2.2). In finite-temperature field theory, the effective potential,
Vow and Vipermal, are calculated by using standard background field method [52, 53]. In
the following calculations, we take Landau gauge for simplicity.?

The Coleman-Weinberg potential [56] with DR regularisation is given by

o=t (s () ).

where suffix 7 represents particle species, and n;, m;(¢) are the degrees of freedom (dof)

and field dependent masses of i’th particle. In addition, u is the renormalisation scale, and
(=)™ is +1 for bosons and —1 for fermions, respectively. Since we are tracking the singlet
scalar field for FOPT, we consider its VEV, denoted by M as the renormalisation scale
as u = M = (S). We denote the singlet scalar as S = (¢ + M)/v/2. The relevant field
dependent masses along with their dof are

m% = )\7<;52/2 (ny = 4),m§ = 3)\ng52 (ns = 1),m32h_ = 2yi2q52 (ny =2) (3.3)

Thermal contributions to the effective potential are given by

o NB; 4 mg; NF; 14 ME;
Vth—Z(QWQT JB{ T}_%QT JF[TD’ (3.4)

where np, and np, denote the dof of the bosonic and fermionic particles, respectively. In
this expressions, Jp and Jp functions are defined by following functions:

Jp(z) = / dz2?log {1 —e v Z2+"”2} , (3.5)
0

Jr(z) = / dzz*log {1 +e ZQJFIQ} : (3.6)
0

3The gauge dependence of the thermal effective potential is discussed by many authors. See e.g.
refs. [54, 55] and references therein.



In the calculation of the thermal potential, we also consider the contribution from the daisy
diagrams such that the total thermal potential reads V7 (¢,T) = Vin + Vaaisy(¢,T). This
has to be done in order to improve the perturbative expansion during the FOPT [57-59].
Such corrections can be implemented in two ways by inserting thermal masses into the zero-
temperature field dependent masses. In one of these resummation prescriptions, known as
the Parwani method [58], thermal corrected field dependent masses are used. In the other
prescription, known as the Arnold-Espinosa method [59], the effect of the daisy diagram is
included only for Matsubara zero-modes inside Jp function defined above. In our work, we
use the Arnold-Espinosa method. The thermal part of the potential, including the daisy
contributions can now be written as

VT(¢, T) = V:ch + Vdaisy(¢7 T), (3'7)

T
Vdaisy(¢7T) = - : .19271_ [ng((b:T) - m?(gb)} s

wherein, Vjj, is the thermal correction and Vg,isy is the daisy subtraction [57-59]. Denoting
m2(¢, T) = m2(¢) + I1;(T), the relevant thermal masses can be written as [60]

2 2 2
+ A A3+ A
Hn(T): <92 +91 g2 4 2+ 3 4>T2

8 16 2 12

As A6 Ayl 3 y3\
LT =\-+-+-+t-+=-+=|T"
@) <4 373 78 8 s

The FOPT proceeds via tunnelling, and the corresponding spherical symmetric field
configurations known as bubbles are nucleated followed by expansion and coalescence. For
recent reviews of FOPT in cosmological context, please refer to [61, 62]. The tunnelling
rate per unit time per unit volume can be estimated as

I(T) = A(T)e 53MIT (3.8)

where A(T) ~ T* and S3(T) are determined by the dimensional analysis and given by
the classical configurations, called bounce, respectively. At finite temperature, the O(3)
symmetric bounce solution [63] can be obtained by solving the following equation

d2¢ 2@ _ 8Vtot

-5 T . 3.9
dr? + rdr 0o (3.9)
The boundary conditions required to solve the above differential equation are
d
¢(r - OO) = Qfalses di(b =0, (3.10)
T lr=0

where ¢g15c denotes the position of the false vacuum. Using ¢ governed by the above
equation and boundary conditions, the bounce action can be written as

o 2
Ss :/0 drdmr? [; (Zf) + %ot(¢,T)] . (3.11)



The temperature at which the bubbles are nucleated is called the nucleation temperature
T,. This can be calculated by comparing the tunnelling rate to the Hubble expansion
rate as

I(T,) = HY(T,). (3.12)

Here, assuming the usual radiation dominated universe, the Hubble parameter is given by
H(T) ~ 1.66,/g=12/Mp) with g. being the dof of the radiation component. Thus, the rate
comparison equation above leads to

S3(Th)

~ 14 1
T 0, (3.13)

for g, ~ 100 and T}, ~ 100 GeV while for lower temperature near MeV where g, ~ 10, the
above ratio becomes larger. For higher nucleation temperature, as we have in the present
scenario, the ratio %Z") becomes smaller than the one quoted above. If ¢(T},)/T,, > 1 is
satisfied, where ¢(T,) is the singlet scalar VEV at the nucleation temperature, T' = T,,, the
corresponding phase transition is conventionally called strong first order. Alternatively,
the ratio at critical temperature namely ¢(7;)/T. = v./T. > 1 is also used as the strength
of the FOPT. The critical temperature 7, corresponds to the temperature where the two
minima of the potential are degenerate.

In order to simplify the bounce calculation, we write the zero temperature one-loop
effective potential as [64, 65]

‘/O = ‘/tree + VCWu
1

= PG (1) (3.14)

where t = log(¢/p) with = M being the scale of renormalisation. G(t) is given by

t o 1
G(t) = e Jo ) 4y = 55 DY, (3.15)

2

The Yukawa couplings and quartic coupling at the renormalisation scale are calculated
by solving the renormalisation group evolution (RGE) equations of the model given in
appendix A. Taking the renormalisation scale u to be M, the condition %w: = 0 leads
us to the relation,

10A2(0) + 3272 X4(0) 4 3Y"2(0)A(0) — 3Y"™(0) + A2(0) + M\2(0) = 0 (3.16)

assuming all three Yukawa couplings to be identical for simplicity. In order to get the
required potential profile, the relative magnitude of the couplings Y’ and A7 are important
as we will discuss below. The other quartic coupling Ag needs to be small in order to get
the desired electroweak symmetry breaking at later stages.

Apart from finding the nucleation and critical temperature, it is also required to esti-
mate the epoch when the FOPT gets completed. The corresponding temperature is known
as the percolation temperature 7T}, typically defined as the temperature at which signifi-
cant volume of the universe is converted from the symmetric phase (false vacuum) to the



ve (GeV) | T. (GeV) [ v (GeV) [ ve/T0 | A(0) [ Y7(0) | As(0)
BP1 | 9540.78 2374 9901.77 | 4.01 1.5 0.5 0.02
BP2 | 9599.59 2407 9968.24 | 3.98 1.6 0.4 0.02
BP3 | 9734.10 2422 9997.27 | 4.01 1.2 0.2 0.02
BP4 | 9648.57 2391 9988.00 | 4.03 1.4 0.3 0.02

Table 1. Benchmark parameters of the model and other details of the FOPT in conformal scoto-
genic model.

broken phase (true vacuum). Adopting the prescription given in [66, 67], the percolation
temperature 7}, is obtained from the probability of finding a point still in the false vacuum
given by

P(T) = e 2D,

where

I(T) = (3.17)

3 Jr TAH(T) \Jr H(T)

A (Te dT' T(T") ( T 4T )3
The percolation temperature is then calculated by using Z(7},) = 0.34 [66] (implying that
at least 34% of the comoving volume is occupied by the true vacuum).

We then implement the model in PhaseTracer [68] to find the parameter space con-
sistent with a FOPT. For a few benchmark points given in table 1, we show the potential
profile in figure 1. For all these benchmarks, one can clearly see a barrier between the two
minima at the critical temperature, indicating a FOPT. Such degenerate minima lead to
the formation of bubbles which subsequently produce gravitational waves. We also perform
a numerical scan to show the model parameter space in new scalar masses in figure 2. As
shown in the colour code, the strength of the FOPT can be large v./T, > 3 for certain
region of the parameter space. This, along with the supercooled nature of the FOPT helps
in enhancing the strength of the resulting gravitational waves emitted, as we discuss below.

4 Stochastic gravitational waves from FOPT

A FOPT can lead to the formation of stochastic gravitational waves (GW) background
primarily due to three distinct mechanisms: the bubble collisions [69-73], the sound wave
of the plasma [74-77] and the turbulence of the plasma [78-83]. The amplitude of such
GW signal crucially depends upon two quantities: the amount of vacuum energy (or latent
heat) released during the transition as well as the duration of the transition.

In order to calculate the energy released during the FOPT, we first find the free energy
difference between the true and the false vacuum as

A‘/tot = V:cot(qbfalseu T) - %Ot(¢truey T) (41)
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Figure 1. Shape of the potential at, above and below the critical temperature T, for chosen
benchmark points shown in table 1.

As a result of the bubble nucleation, the amount of vacuum energy released during the
FOPT, in the units of radiation energy density of the universe, pq = g-m27%/30, is

given by
€x
Oy = , 4.2
Prad ( )
with
TaA‘/tot
v = |AVigt — — , 4.
€ Vit = T =57 . (4.3)

which is also related to the change in the trace of the energy-momentum tensor across the
bubble wall [51, 84].

On the other hand, the duration of the FOPT, denoted by the parameter [, is defined
as [85]

p d (S3>
— T — =) 4.4
H(T) dr \T (44)
Here, o, and /H(T) are evaluated at the nucleation temperature T' = T, with S3 being

evaluated using eq. (3.11). In order to calculate the action numerically, we use a fit for the
actual potential which matches very well with the actual potential, as shown in appendix B.
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Figure 2. Parameter space in inert doublet Mass M,, versus scalar singlet mass Mg plane consistent
with a FOPT in conformal scotogenic model. The colour code indicates the strength of the FOPT.

T. (GeV) | v./T. | T, (GeV) | T, (GeV) | (B/H,) | vy | o
BP1 2374 4.01 810.86 808.35 77.43 | 0.93 | 0.99
BP2 2407 3.98 1098.88 1084.30 168.18 | 0.86 | 0.35
BP3 2422 4.01 834.79 823.52 125.87 | 0.91 | 0.61
BP4 2391 4.03 975.59 962.33 150.66 | 0.88 | 0.44

Table 2. Benchmark parameters consistent with FOPT in conformal scotogenic model, along with
the FOPT related parameters calculated for GW spectrum estimation.

For the benchmark points discussed earlier, we calculate these key parameters and show
them in table 2 along with other relevant parameters.

Now, considering the three contributions to GW production mentioned above, the
corresponding GW power spectrum can be written as [86]

Qaw (f) = Qs (f) + QLsw (f) + Qeurn (f)- (4.5)

In general, each of these contributions can be characterised by its own peak frequency and
each GW spectrum can be written in parametric form as

) (5) S e

Here, the pre-factor R ~ 7.69 x 10™9¢, 1/3 takes in account the red-shift of the GW energy
density, S(f/ fpeak) Parametrises the shape of the spectrum and A(v,,) is the normalization

KO

4.
T o (4.6)

R0(f) = RA(w,) (
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Figure 3. Gravitational wave spectrum from FOPT in conformal scotogenic model for four different
benchmark points given in table 2. Different coloured curves show the sensitivities from GW search
experiments like LISA; BBO, DECIGO, HL (aLIGO), ET, CE, NANOGrav, SKA, GATA, THEIA
and pARES.

factor which depends on the bubble wall velocity v,,. The Hubble parameter at the nucle-
ation temperature 7" = T,, is denoted by H,. For bubble collision as source, the spectrum
can be written as [86]

100\ /3 /H,\? « )2 0.11v}, 3.8 28
Qyh% = 1.67 x 107 < ) <) < s > Vw8 Joed) "y )
G B 14+oa,/) 042402 14 2.8(f/ fpeak)*
with the peak frequency being given by

1/6 , T 0.62 p
_ Gx n .
=1.65x 10°H ' 18
Fpeak X z <100) (100 GeV) 1.8 — 0.1vy, + 02 <H*) (*5)

Similarly, the other contributions can also be written following [86] and references therein.
In order to calculate the bubble wall velocity., we first calculate the Jouguet veloc-
ity [78, 87, 88]:4

; 1/vV3+ a2 +2a./3
J = .

4.
The bubble wall velocity is then calculated as [93]
A‘/tot 1 A‘/tot
V QxPrad if V QxpPrad < vJ
Uy = (4.10)
1 if AViot > V.

Qs Prad
The total GW spectrum after summing over the contributions from all three sources is
shown in figure 3 for the benchmark points shown in table 2. The experimental sensitivities

4 Also see refs. [89-92], for the discussion of the bubble wall velocity v..
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Figure 4. Zero temperature effective potential at one-loop for two different values of singlet-n
coupling A7, considering the singlet-RHN Yukawa coupling Y”/(0) = 0.8.

of NANOGrav [94], SKA [95], GAIA [96], THEIA [96], pARES [97], LISA [98], DE-
CIGO [99], BBO [100], ET [101], CE [102] and aL.IGO [103] are shown as shaded regions
of different colours. Since the FOPT is occurring at a scale above the electroweak scale,
the peak frequencies as well as the amplitudes are around the LISA sensitivity and hence
remain verifiable in near future.

5 Dark matter and leptogenesis via FOPT

In order to realise leptogenesis from decay, one needs to ensure that at least one of the
RHNSs remain heavier than the scalar doublet . Since both n and RHNs acquire masses
during the FOPT, this helps in realising DM and leptogenesis simultaneously. However,
the desired profile of the scalar potential of singlet scalar S as well as the minimisation
condition given in eq. (3.16) pose a problem. As understood from the FOPT, the scalar
singlet potential has one unique minima ¢ = 0 at very high temperature 7" > M with
the effective self-quartic coupling As > 0. However, for low temperature T' < M, the self
quartic coupling turns negative and ¢ = 0 should become a false vacuum. This is however,
not possible unless we have A2(0) > 3Y'2(0). This can be seen from figure 4 where the
zero-temperature effective potential is shown for two different values of A7(0) while keeping
singlet-RHN Yukawa fixed Y’(0) = 0.8. Clearly, for smaller A\7(0), we can not achieve the
desired potential profile at zero temperature.

In order to circumvent this problem, we consider a hybrid of scotogenic and type I
seesaw model without increasing the number of fields. Out of the three RHNs in conformal
scotogenic model, we consider two of them to be Z3 even such that they couple to the
SM lepton doublets via usual Higgs doublet as ny(ﬁlN273. The other RHN namely, N;

- 11 -



Ve T. v |ve/Te [ A7(0)] Y5(0) | As(0)| T T, |(B/H.)| vy | o
(GeV) | (GeV) | (GeV) ~ Y4(0) (GeV) | (GeV)
BP1|9634.17| 2521 {9934.17| 3.82 | 1.5 0.5 0.02 | 988.32 | 974.98 | 151.06 | 0.89|0.46
BP2|9553.88| 2416 |9757.60| 3.95 | 1.6 0.7 0.02 | 896.89 | 887.67 | 110.66 | 0.91|0.66
BP3|9698.63| 2370 {9988.01| 4.09 | 1.2 0.3 0.02 | 779.49 | 770.72 | 103.96 {0.92]0.80
BP4]9692.84 | 2391 |9978.08| 4.05 | 1.3 0.4 0.02 [1207.09]1190.58 | 204.51 |0.84]0.24

Table 3. Benchmark parameters and other details involved in the GW spectrum calculation of the
hybrid model.

is Zy-odd and couple to the SM lepton doublets via 1 as before. Thus, two of the active
neutrinos will receive non-zero mass from type I seesaw while the third one will receive
scotogenic contribution at one-loop. The scalar potential as well as singlet scalar coupling
to RHNs remain same as before and hence we still require n to be heavier than the RHN .
Therefore Ny is our DM candidate and N2 3 can decay into L®; to generate the required
lepton asymmetry.

We first identify a few benchmark points consistent with the FOPT and the mass
hierarchy among RHN and scalar doublet n required to have successful leptogenesis and
DM phenomenology. The benchmark points along with other details calculated for the
GW spectrum are shown in table 3. The corresponding GW spectrum is shown in figure 5.
Clearly, choosing one RHN lighter and making the heavier RHNs Z5 even does not change
the FOPT details significantly and hence we obtain similar benchmark parameters and
GW spectrum like before.

Now we implement the baryogenesis via relativistic bubble wall mechanism proposed
in [32] to achieve leptogenesis in the hybrid model mentioned above. A first order phase
transition in the singlet (S) sector will create bubbles such that the particles like N;, 7
entering the bubble will become massive due to (S) # 0 inside the bubble. This is followed
by N2 3 decays into leptons and SM Higgs creating the leptonic asymmetry. On the other
hand N being lighter than 7 become stable due to unbroken Z5 symmetry and hence act
like a DM candidate.

For the leptogenesis we closely follow refs. [32, 35] i.e., the mass -gain mechanism. Let
us briefly mention the mass-gain mechanism employed in our work. Firstly, we need to
ensure that the Lorentz boost of the bubble wall should be more than the Lorentz factor

of the particle in the plasma frame

My
~ 5.1
Yw > VN T, ( )
where T}, is the nucleation temperature and My = yyv is the mass of the RHN coupling
to the singlet scalar. Now, the above condition (5.1) pushes the RHN into the bubble while

maintaining the equilibrium co-moving number density.

135

Yn = —é(3)2Y (5.2)

s,
where gy and g, are the degrees of freedom of RHN N and the total relativistic degrees of
freedom in the energy density of the universe, respectively.
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Figure 5. Gravitational wave spectrum from FOPT in the hybrid model for four different bench-
mark points given in table 3. Different coloured curves show the sensitivities from GW search
experiments like LISA; BBO, DECIGO, HL (aLIGO), ET, CE, NANOGrav, SKA, GATA, THEIA
and pARES.

The final baryonic asymmetry is then written as follows

T, \*
YB = enksph YN T ) (5.3)
RH
where ey ~ sin(20)/(16m) [24, 25] is the CP-asymmetry and § is the relative CP phase
between the RHNs (for resonant regime), kspn = 8/23 is the sphaleron conversion factor
in the presence of two Higgs doublets [7], and Try is the reheating temperature after the
FOPT. Try is defined as Try = Max[T),, Tinf| [32] where Tiys can be obtained from the
following relation

9*772

Using AV;iot for the benchmark parameters given in table 4, we can calculate the cor-
responding Tj,s and hence Try. The Yy obtained in eq. (5.3) should then be com-
pared with the observed baryon asymmetry normalized over the entropy density: YB?bS =
(8.61 £ 0.05) x 10~ [104].

The above asymmetry is feasible after satisfying two condition
1. The feasibility of decay No3 — LH

2. The wash-out from the dominant inverse decay to be suppressed.
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N Tru (GeV) | T, (GeV)| My, = My, (GeV) YD AVir (GeV)4
BP1(6.22 x10~8| 988.32 988.32 4966.67 5.12 x 1078 [1.75464 x 103
BP2(6.22 x10~8| 896.89 896.89 6826.16 6 x107% [1.69737 x10'3
BP3(6.22 x1078| 779.49 779.49 2996.39 3.98 x107%|1.15697 x 10'3
BP4|6.22 x107%| 1207.58 | 1207.58 3991.16 4.59 x1078]2.15494 x 1013

Table 4. CP asymmetry and other relevant details involved in leptogenesis calculation for the
hybrid model.

For the first condition we will need to consider the thermally corrected masses for the SM
Higgs and lepton doublets at the reheating temperature [105]

1 2 1 2 2
— @i\ T
1691 + 4yt> )

3 1
ME(T) = <3293 + 329%) T,

ME(T) = (15 +
(5.5)

where g1 and gy are the U(1)y and SU(2); gauge couplings respectively, and y; is the
top quark Yukawa coupling. Therefore, at the reheating temperature after considering the
coupling values at the electroweak scale® we get

MH(TRH) + ML(TRH) ~ 0.77TRrH, (56)

Hence for the feasibility of the decay we need the mass of RHN at the reheating temperature
to be MN/TRH Z 0.77.

As for the second condition we have taken the Dirac Yukawa coupling yp, which is re-
sponsible for the wash-out, to be parameterized by the Casas-Ibarra parameterization [106]
for type I seesaw with two RHNs given by

Yp = A"V20m)/*Uf s (5.7)

where A = v2, /My, O is an arbitrary complex orthogonal matrix, /m,, is the diagonal light
neutrino mass matrix and Upynsg is the light neutrino mixing matrix. Since only two RHNs
contribute to type I seesaw, we consider the lightest active neutrino mass to be vanishing.
Using the best-fit values of the light neutrino oscillation data [107] for normal hierarchy
and assuming O to be the identity matrix, we obtain

MN 1/2
= ~23x1078 )
Yo za: YD1o x ( 1 TeV)

(5.8)

And proceeding with the above Dirac Yukawa we need to satisfy the following condition [32]

y% Mp (MN)5/2
247 Tru \Tru

My >y

5.9

5Tt should be noted that the values of these couplings do not change much between the electroweak scale
and the reheating temperature for (multi) TeV-scale symmetry breaking considered here.
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ensuring the inverse decay width to be suppressed. We calculate the required CP asym-
metry and the Dirac Yukawa couplings for the four benchmark points and quote them in
table 4. All these benchmark points satisfy the required baryon asymmetry due to the
appropriate choice of Yukawa couplings and CP phase. As can be seen from the smallness
of the Dirac Yukawa couplings, the decay width of the RHN remains small, also required
from the resonant leptogenesis condition Ms — My ~ T'9/2. This also justifies the semi-
degenerate nature of RHNs N3 in the benchmark choice of parameters. We also check
that the benchmark points satisfy the above mentioned conditions to ensure the viability
of the leptogenesis scenario we are implementing.

For the standard vanilla leptogenesis scenario where the massive RHNs are in equi-
librium, the baryon asymmetry in the weak washout regime I'/H(T = My) < 1 can be

written as
Yp = €Nlisth]$[q(T = My); (5.10)
45 gn (MN>2
YIUT) = — 25 | =) Kyo(Mpn/T 5.11

with Ko being the modified Bessel function of 2nd order. Comparing with eq. (5.3), we
can see that in FOPT scenario there arises an extra dilution factor (7;,/Tru)® compared
to the standard case. This was also noticed in earlier works [34, 35]. However, due to
a different structure of our model in the absence of any additional gauge symmetry, we
have Tin¢ < T}, resulting in Tryg = T),. Therefore, the final baryon asymmetry in our setup
remains same as the standard one, but with the added advantage of detection prospects via
stochastic GW observations. In other words, the model without FOPT is also consistent
with successful leptogenesis for same set of parameters. However, the presence of FOPT
increases the detection prospects in terms of future observations of stochastic GW.
However, as we increase the scale of FOPT, we get deviations from Try = T}, resulting
in dilution of lepton asymmetry compared to the standard one. To illustrate this, we show
three such benchmark points for high scale leptogenesis in table 5 and 6 which are also
consistent with a strong FOPT criteria. As can be seen from table 6, for such high scale
FOPT, we have Tin¢ > T, resulting in Tryg > 15,. This leads to the dilution of lepton
asymmetry by a factor (7),/Tru)® which is as large as ~ 103 for the last benchmark point
in table 6. Accordingly, the required CP asymmetry parameter needs to be enhanced for
such scenarios. Even though we are in weak washout regime, FOPT can also lead to size-
able washout at the end of the phase transition due to the large latent heat released. Such
washout effects can be significant if Try > Mpy. In the benchmark points we have con-
sidered, Try < My and hence such washout effects are expected to be smaller. Therefore,
in the weak washout regime, high scale FOPT scenario can give successful leptogenesis for
the parameter space leading to overproduction of asymmetry in standard leptogenesis.
On the other hand, if we are in the strong washout regime of standard leptogenesis, the
FOPT triggered leptogenesis can, in principle, enhance the production of asymmetry if the
dilution effects are under control and Ty < My in order keep the washout processes like
inverse decay suppressed. A detailed investigation of this regime along with implications
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Ve T. v UC/TC /\7(0) YQI(O) /\5(0)
(GeV) (GeV) (GeV) ~ Y4(0)
9.68 x107 | 3.14 x107 | 9.93 x10” | 3.07 | 2.2 0.6 0.02
9.52 x10% | 2.05 x10% | 9.76 x10® | 4.63 | 1.2 0.6 0.02
9.61 x10? | 2.62 x10? | 9.89 x10° | 3.66 | 1.7 0.6 0.02

Table 5. Benchmark parameters and other details for high scale leptogenesis scenario.

N Tru (GeV) | T, (GeV) | My, =~ My, (GeV) YD AVior (GeV)*
8.93 x1077 | 9.87 x10° |4.09 x 106 5.96 x 107 5.62 x1076 | 3.62 x10%
1.81 x1077| 7.04 x107 |4.97 x 107 5.85 x 108 1.76 x107° | 9.96 x 1032
4.40 x1075 | 8.59 x10% [9.71 x 107 5.93 x10? 5.60 x107° | 2.07 x10%7

Table 6. CP asymmetry and other relevant details involved in high scale leptogenesis calculation
for the hybrid model.

for dark matter will require the relevant Boltzmann equations to be solved numerically,
which we leave for future works.

As mentioned earlier, the Zs odd RHN namely, Ny is the DM candidate which can
have light masses due to its small Yukawa couplings with the singlet scalar. It is possible,
in principle, to realise either thermal WIMP or non-thermal DM scenario with the latter
being popularly known as feebly interacting massive particle (FIMP) [108]. As Mpym <
T,, DM can be in equilibrium inside the bubble and undergo thermal freeze-out at a
temperature Ty ~ Mpy/20, if its coupling to the SM bath is sizeable enough. DM can
annihilate into SM particles via two possible processes: Yukawa interactions with SM
leptons via inert scalar doublet 7 and singlet scalar mediated annihilations into SM particles
via singlet-Higgs mixing. Since the scalar doublet 7 is much heavier than the RHNs, the
corresponding DM annihilation cross-section remains suppressed compared to the singlet
scalar mediated one. Since the singlet scalar mass is small, we can get the desired relic
of DM by appropriate tuning of singlet-Higgs mixing. In order to calculate the thermally
averaged annihilation cross-sections and solve the Boltzmann equation for DM numerically,
we use micrOMEGAs [109]. We consider one particular benchmark point namely, BP3 such
that the singlet scalar mass is fixed. The relic abundance as a function of DM mass is shown
on the left panel of figure 6. Even for a considerably large mixing between singlet scalar and
the SM Higgs sin 0,5 = 0.23, the relic can barely be satisfied at the resonances. Similarly,
the stringent direct detection bounds [45] barely allows the relic satisfying point at the SM
Higgs resonance while ruling out the heavier DM mass at singlet scalar resonance. This is
due to the fact that, DM Yukawa coupling with singlet scalar is (S)/Mpy = v/mpy1 which
is very small for this mass range. It should also be noted that the actual singlet-SM Higgs
mixing will be sin 6,5 ~ Agvew /v < 0.23 thereby ruling out the WIMP possibility in this
minimal setup.
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Figure 7. Comoving density of FIMP DM for BP3.

We finally consider the FIMP DM possibility by considering singlet scalar decay after
the phase transition. The corresponding Boltzmann equations can be written as

dYpn 2 dy, 1
= —I'snmY,, — =—-+(T T'an)Y. 5.12
dz H sN11ts, dz ZH( sN1+ sh) S ( )

with z = M,/T and assuming the relativistic dof to be constant, which is valid at tem-

peratures above electroweak scale. While DM is produced only from the decay of singlet
scalar, the latter can decay into SM Higgs as well. The corresponding decay widths are

3/2 1/2

1 AM?Z y? AM?

iyt = — 2 M, [ 1 — —2M [y = —=shh (1 Z_h 1
sN1 ].671' yl S < Ms2 > 9 sh 167TMS M2 9 (5 3)

S

17 -



where ygpn ~ A¢v. Similar to the case of heavy RHNs N3 3, the singlet scalar also acquires
a large abundance inside the bubble at nucleation temperature, close to the equilibrium
comoving number density without Boltzmann suppression. Considering this to be the
initial comoving abundance of S and taking appropriate partial decay width of S into SM
Higgs, we solve the above Boltzmann equations for different DM masses and find that for
DM mass around 14 MeV, the correct relic is satisfied if other parameters are fixed as in
BP3 discussed before. Since singlet decay width into SM Higgs is substantial, we require
somewhat large FIMP mass to satisfy the correct DM relic. This also leads to instantaneous
freeze-in shortly after nucleation temperature T ~ T} as larger mass corresponds to larger
Yukawa coupling of DM with singlet.

6 Conclusion

We have studied the possibility of getting dark matter and low scale leptogenesis from a
supercooled first order phase transition driven by a singlet scalar around TeV scale. The
right handed neutrinos responsible for generating lepton asymmetry via decay and dark
matter acquire masses by crossing the relativistic bubble walls which arise as a result of
the FOPT. This also leads to a large abundance of RHN in true vacuum inside the bubble
sufficient for generating the required lepton asymmetry without washout or Boltzmann
suppression. The dark matter is lighter than the nucleation temperature and hence can
remain in equilibrium inside the bubble with its relic determined by thermal freeze-out at
later stages. In order to implement the idea, we first consider a conformal version of the
scotogenic model such that along with dark matter and right handed neutrino generating
radiative light neutrino masses, we also have a strong supercooling to bring the resulting
gravitational wave amplitude within near future experiment’s sensitivity. While a strong
supercooled FOPT is possible, the hierarchy of the additional field content of the model
does not allow the realisation of leptogenesis from RHN decay. We then consider a hybrid
scenario with the same field content but different seesaw realisation to show correct DM
phenomenology from the lightest RHN while the heavier two RHNs can lead to successful
TeV scale resonant leptogenesis. The light neutrino mass arises from a hybrid seesaw
mechanism involving both type I and radiative origin. As the FOPT details remain more
or less similar to the conformal scotogenic model, we can probe this hybrid model in near
future GW experiments like the LISA experiment. Due to TeV scale RHN and additional
scalars, the model can also have complementary detection prospects at intensity and energy
frontier experiments.

A Renormalisation group evolution equations

The relevant RGE equations for the model parameters are [110]

d)s 1
= 5 (2002 4+ 2)\2 4 202 + 8\ Tr[Y'TY'] — Te[YTY'Y'TY])
dXa 1

= 16 (12X\3 + 202 + 3¢% /4 + 995 /4 + 39345 /2)
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dv; 1
0T — (402 4 6Xa)7 + 87 + AN Tr[YTY))

dt 1672
d)\ﬁ 1 2 2 ARV
— = o3 (ANg + 6X6y; + 8Ashg + AAs Tr[Y'Y])
dy’ 1
= 1o (4" 4+ 2V Te[Y'TY))
Y8
d91 1
it = 1672790
de 1
i~ 16m3)
d 1
T = Tomz W2~ 0171 /12 1 9g3/4))

B Fitting of the finite temperature potential

The generic form of quartic and logarithmic potential can be written as [111]

V(¢) = (24 — B)o?¢* — A¢* + Bo*In fz (B.1)

The above expression as the effective potential can be used to calculate the semi-analytical

expression of the Euclidean action in terms of the parameters of the potential. We can use

the effective potential with consideration of the running coupling effect, one-loop thermal

contribution, and Daisy corrections, which can then be fitted well to the generic potential
as shown in figure 8 for BP1.

The bounce equation of motion for the above generic potential in three dimensions is

P¢  2d¢  av

ey _ T B.2
dr?  rdr  do (B.2)
We obtain the derivative of the potential as
dv 2A-B (¢ ¢> . ¢?
—— =4Bo? - )+ nS B.3
d¢ U{ 2B (0 03)+03 noz} (B-3)

Now using a scaling transformation (® = ¢/0,£ = 20\/?7“), we reduce the three parameters
differential equation (DE) to one parameter DE given by

d*® 2do
et o =6(® — %) + &3 n B2 B.4
where § = 2’353 . Following the approach of [111], the action in three dimensions, calculated

in a semi-analytical manner, is found to be

S 1670 I? (2

1/2

where, 1=0.4199, n, = 0.557, p1 = 4.2719, po = —14.5908 and pu3 = 12.0940. We have

used it in our numerical analysis.
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