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We analyze the classically scale-invariant B − L model in the context of resonant leptogenesis with the
recently proposed mass-gain mechanism. The B − L symmetry breaking in this scenario is associated with
a strong first-order phase transition that gives rise to detectable gravitational waves (GWs) via bubble
collisions. The same B − L symmetry breaking also gives Majorana mass to right-handed neutrinos inside
the bubbles, and their out-of-equilibrium decays can produce the observed baryon asymmetry of the
Universe via leptogenesis. We show that the current LIGO-VIRGO limit on stochastic GW background
already excludes part of the B − L parameter space, complementary to the collider searches for heavy Z0

resonances. Moreover, future GWexperiments like Einstein Telescope and Cosmic Explorer can effectively
probe the parameter space of leptogenesis over a wide range of the B − L symmetry-breaking scales and
gauge coupling values.
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I. INTRODUCTION

The advent of gravitational wave (GW) astronomy has
opened up a new observational window into the early
Universe. A particularly interesting example of early
Universe phenomena that can be a stochastic source of
GWs is cosmological phase transition [1,2]. Its investiga-
tion may play a crucial role in understanding an array of
puzzles spanning from the baryon asymmetry of the
Universe to the quest for an ultraviolet completion of
the Standard Model (SM). Although the electroweak phase
transition is not predicted to be of first order within the
SM [3], there are many extensions of the SM that predict
strong first-order phase transitions (SFOPTs) with detect-
able GWs [4–48].
In this regard, classically conformal or scale-invariant

models [49] provide good examples for generating sizable
GW signals [19,50]. This happens due to the fact that the

tree-level potential is flat due to scale-invariance and thermal
corrections easily dominate and makes the phase transition
strongly first order [51,52].1 According to Bardeen’s argu-
ment [57], once the classical conformal invariance and its
minimal violation by the quantum anomalies are imposed on
the SM, it can be free from the quadratic divergences, and
hence, can cure the gauge hierarchy problem. In this case, all
the mass scales must be generated by dimensional trans-
mutation using the Coleman-Weinberg mechanism [58].
This mechanism cannot be applied directly to the SM
Higgs sector to generate the electroweak scale since the
predicted Higgs mass turns out to be always less than that
of the W boson mass, which is experimentally excluded.
However, there are phenomenologically viable models with
additional scalar(s) (and/or dark sectors) where the mass
scale comes from the breaking of the conformal invariance
involving those fields [49,55,59–67].
On the other hand, the observed matter-antimatter

asymmetry in the Universe is one of the puzzles of modern
cosmology that requires a dynamical explanation of how
the Universe ended up having created more matter than
antimatter, or more baryons than antibaryons, also known
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1Scale invariance makes potentials flat, helping also in
achieving successful inflation [53,54] and leads to robust pre-
dictions for dark matter due to constrained relation between
couplings in the parameter space of the model [52,55,56].
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as baryogenesis. Among several proposed mechanisms for
baryogensis (see Ref. [68] for a review), a particularly
attractive variant is leptogenesis [69], which involves
lepton number violating (LNV) particles, such as the
right-handed neutrinos (RHNs), to decay out of equilibrium
and create a lepton asymmetry which later on gets con-
verted to baryon asymmetry via the sphalerons [70]. The
same RHNs participate in the seesaw mechanism [71–76]
for generating light neutrino masses. For a review on
leptogenesis, see, e.g., Ref. [77].
Recent work on baryogenesis via relativistic wall veloc-

ity has been proposed in Refs. [78,79], where it was shown
that for classically scale-invariant models the particle gains
mass instantaneously and hence becomes heavy and non-
relativistic—also known as the mass-gain mechanism.
Now, if the particle has a baryon (lepton) number violating
coupling then its out-of-equilibrium decay can produce a
baryon (lepton) asymmetry as it becomes nonrelativistic.
In this paper we implement the mass-gain mechanism in a
classically conformal2 B − L model to achieve testable
leptogenesis predictions at laboratory frontiers as well and
show its correlation with observable GW signals in current
and future detectors.
The paper is structured as follows. In Sec. II we have

described the model under study and the effective potential
with temperature correction. In Sec. III we have described
the nucleation temperature and the relevant constraints
required for successful phase transition. In Sec. IV we have
presented our analysis for leptogenesis in this scenario. In
Sec. V we explore the possibility of GWs in the lepto-
genesis parameter space. And finally in Sec. VI we have
concluded our study.

II. MODEL AND EFFECTIVE POTENTIAL

We consider the conformal B − L extension of the SM
[66,67] with the gauge group SUð3Þc × SUð2ÞL ×Uð1ÞY×
Uð1ÞB−L. Three generations of RHNs νiR (i ¼ 1, 2, 3) are
introduced for anomaly cancellation. An additional com-
plex scalar field Φ, charged under Uð1ÞB−L is needed to
spontaneously break the Uð1ÞB−L gauge symmetry, which
generates the masses of the RHNs. The particle content of
the model is listed in Table I.
The additional Yukawa interactions involving the RHNs

are given by

LY ⊃ −Yij
Dν̄

i
RH

†ljL −
1

2
Yi
MΦν̄icR ν

i
R þ H:c:; ð1Þ

where the first term gives the Dirac neutrino mass after
electroweak symmetry breaking, while the second term

generates the RHN Majorana mass term. One may assume
the Yukawa coupling Yi

M to have a diagonal form without
loss of generality. Neutrino masses are generated by the
usual seesaw mechanism [71–76] after the scalars H and Φ
acquire their vacuum expectation values.
The scale-invariant scalar potential looks like

VðH;ΦÞ ¼ λHðH†HÞ2 þ λðΦ†ΦÞ2 − λ0ðΦ†ΦÞðH†HÞ; ð2Þ

where one may notice the absence of the quadratic mass
terms. Thus the symmetry breaking must occur radiatively.
When the Yukawa coupling YM is negligible compared to
theUð1ÞB−L gauge coupling, theΦ sector is the same as the
original Coleman-Weinberg potential [58]. We consider
simultaneous breaking of electroweak and B − L sym-
metries due to radiative corrections via the λ0 term, and
study the effective potential for the Φ field.

A. Zero-temperature effective potential

Before we go on to the finite-temperature corrections, let
us write down the one-loop corrected zero-temperature
effective potential for ϕ≡ ffiffiffi

2
p

ReðΦÞ [67,83]:

V0ðϕ; tÞ ¼
1

4
λðtÞGðtÞ4ϕ4; ð3Þ

where t ¼ logðϕ=μÞ, with μ being the renormalization scale
and

GðtÞ ¼ exp ½−
Z

t

0

dt0γðt0Þ�; γðtÞ ¼ −
a2
32π2

gB−LðtÞ2; ð4Þ

with a2 ¼ 24. The gauge and self coupling strengths
αB−L ≡ g2B−L=4π and αλ ≡ λ=4π evolve according to the
renormalization group equations as stated below:

2π
dαB−LðtÞ

dt
¼ bαB−LðtÞ2; ð5Þ

2π
dαλðtÞ
dt

¼ a1αλðtÞ2 þ 8παλðtÞγðtÞ þ a3αB−LðtÞ2; ð6Þ

TABLE I. Particle content of the classically scale-invariant
B − L model.

SUð3Þc SUð2ÞL Uð1ÞY Uð1ÞB−L
qiL 3 2 þ1=6 þ1=3
uiR 3 1 þ2=3 þ1=3
diR 3 1 −1=3 þ1=3
liL 1 2 þ1=6 −1
eiR 1 1 −1 −1
νiR 1 1 0 −1
H 1 2 −1=2 0
Φ 1 1 0 þ2

2We have used the two terms “scale” invariance and “con-
formal” invariance interchangeably in this paper since they are
known to be classically equivalent in any four-dimensional
unitary and renormalizable field theory [80–82].
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with b ¼ 12, a1 ¼ 10, and a3 ¼ 48. For the renormaliza-
tion scale μ ¼ M, the stationary condition dV

dϕ jϕ¼M ¼ 0

leads to a relation among the coupling constants as

a1αλð0Þ2 þ a3αB−Lð0Þ2 þ 8παλð0Þ ¼ 0; ð7Þ

which means that αλð0Þ is determined by αB−Lð0Þ; i.e., we
have only two independent parameters, M and αB−Lð0Þ.
Analytical form of the scalar potential after including the
renormalization-group-equation-improved form looks
like [66]

V0ðϕ; tÞ ¼
παλðtÞ

ð1 − b
2π αB−Lð0ÞtÞa2=b

ϕ4; ð8Þ

where

αB−LðtÞ ¼
αB−Lð0Þ

1 − b
2π αB−Lð0Þt

; ð9Þ

αλðtÞ ¼
a2 þ b
2a1

αB−LðtÞ

þ A
a1

αB−LðtÞ tan
�
A
b
ln ½αB−LðtÞ=π� þ C

�
: ð10Þ

Here A≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a1a3 − ða2 þ bÞ2=4

p
, and the coefficient C is

determined such that Eq. (7) is always true.

B. Finite-temperature effective potential

Let us define the renormalization scale parameter u
instead of t as

u≡ logðΛ=MÞ; ð11Þ

where

Λ≡maxðϕ; TÞ ð12Þ

represents the typical scale of the system considered, T
being the temperature. The one-loop level effective poten-
tial becomes

Veffðϕ; TÞ ¼ V0ðϕ; uÞ þ VTðϕ; TÞ: ð13Þ

Here V0 indicates the zero-temperature potential (8), while
VT denotes the thermal corrections

VTðϕ; TÞ ¼
3

2
VB
TðmVðϕÞ=T; TÞ þ Vdaisyðϕ; TÞ; ð14Þ

where

VB
Tðx; TÞ≡ T4

π2

Z
∞

0

dzz2 ln
h
1 − e−

ffiffiffiffiffiffiffiffiffi
z2þx2

p i
ð15Þ

is the bosonic one-loop contribution and

Vdaisyðϕ; TÞ ¼ −
T
12π

½m3
Vðϕ; TÞ −m3

VðϕÞ� ð16Þ

is the so-called daisy subtraction [84]. The thermal mass of
the B − L vector boson is given by

m2
Vðϕ; TÞ ¼ m2

VðϕÞ þ ctg2B−LðtÞT2; ð17Þ

where mVðϕÞ ¼ 2gB−LðtÞϕ and ct ¼ 4. Here the self-
interaction contribution of ϕ to the thermal potential is
not taken into account, since it is much smaller than the one
from the gauge interaction.

III. NUCLEATION TEMPERATURE AND
FEASIBLITY OF SUCCESSFUL PHASE

TRANSITION

Let us approximate the effective potential with the
dominant temperature contributions:

Veff ≃
g2B−LðuÞ

2
T2ϕ2 þ λeffðuÞ

4
ϕ4; ð18Þ

with λeffðuÞ≡4παλðuÞ=ð1− b
2παB−Lð0ÞuÞa2=b [see Eq. (8)].

For T ≫ M, the effective potential has a unique minimum
at ϕ ¼ 0, and for T ≪ M, ϕ ¼ 0 becomes a false vac-
uum point.
In Fig. 1, we show the evolution of the effective potential

for two benchmark points (solid and dashed). The black (red)
curve corresponds to temperature T at (below) the critical
temperature Tc for B − L breaking scale. The ϕ field is
initially trapped at the origin of the effective potential and
then as temperature drops below T ¼ Tc ∼M, the Universe
experiences a phase transition associated with the tunneling
of the ϕ field from false to true vacuum triggering bubble
nucleation and subsequent GW production. This phase
transition is first order provided the transition rate exceeds
the expansion rate of the Universe.

A. Nucleation rate

The nucleation rate per unit volume Γ is given by [85,86]

ΓðTÞ ¼ AðTÞe−S3ðTÞ=T; ð19Þ

with the three-dimensional action

S3ðTÞ ¼
Z

d3x

�
1

2
ð∇ϕÞ2 þ ðVeffðϕ; TÞ − Veffð0; TÞÞ

�
:

ð20Þ
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In Eq. (19), A denotes a prefactor that is typically of
OðT4Þ.3 The configuration of ϕ in S3 is estimated from

d2ϕ
dr2

þ 2

r
dϕ
dr

−
∂Veff

∂ϕ
¼ 0; ð21Þ

with the following boundary conditions:

ϕðr ¼ ∞Þ ¼ ϕfalse;
dϕ
dr

ðr ¼ 0Þ ¼ 0: ð22Þ

Using Eq. (19) we get the transition rate as

ΓðTÞ ¼ Be−SðTÞ; ð23Þ

with

B≡M4
AðTÞ
T4

; ð24Þ

SðTÞ≡ S3ðTÞ
T

− 4 logðT=MÞ: ð25Þ

Since A is of OðT4Þ, the transition rate is dominantly
determined by S.4

Now, considering the broken-phase regime T ≪ M, the
effective potential around the origin ϕ≲ T is approximately

given by Eq. (18) with u ¼ t ¼ ln ðT=MÞ. In such a case, the
action is given as [86]

S ¼ S3
T

− 4 ln ðT=MÞ;
S3
T

≃ −19 ×
gB−LðtÞ
λeffðtÞ

: ð26Þ

The nucleation temperature is defined as the inverse time
of creation of one bubble per Hubble radius that is given as

Γ=H4jT¼Tn
¼ 1:

B. Vacuum transition probability

In this section we now go from one bubble treatment
to statistical analysis of bubbles in the early Universe. The
probability for a given point to be in the unstable vacuum is
given by pðTÞ ¼ e−IðTÞ, where [50]

IðTÞ ¼ 4π

3

Z
Tc

T

dT 0

T 04
ΓðT 0Þ
HðT 0Þ

�Z
T 0

T

dT̃

HðT̃Þ
�

3

: ð27Þ

Here HðTÞ ≃ 17 T2=MPl is the Hubble expansion rate at
temperature T (MPl being the Planck mass). In order to
calculate the percolation temperature, Tp, we solve the
above integral with IðTpÞ ¼ 0.34, which in other words
implies that 34% of the comoving volume has converted
to the true minimum. In addition to this requirement, a
stronger condition that needs to be satisfied is that the
volume of the false vacuum should decrease, i.e.,

1

Vfalse

dVfalse

dt
¼ HðTÞ

�
3þ dIðTÞ

dT

�
< 0: ð28Þ

IV. LEPTOGENESIS

Our leptogenesis analysis closely follows the recent
work of Ref. [79], i.e., the mass-gain mechanism. We first
need to ensure that the Lorentz boost of the bubble wall
satisfies the following criterion:

γw ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2w

p > MNðTnÞ=Tn; ð29Þ

where Tn is the nucleation temperature and MNðTÞ is the
thermal mass of the RHN:

M2
NðTÞ ¼ Y2

MM
2 þ 1

8
g2B−LT

2: ð30Þ

The condition (29) basically pushes the RHN quanta into
the bubble while maintaining the equilibrium comoving
number density

FIG. 1. Evolution of the effective potential for two benchmark
points (solid and dashed). The black (red) curve corresponds to
temperature T at (below) the critical temperature Tc for B − L
breaking scale.

3We consider gB−L ≲ 0.3 in the following. In such a case, the
effects from the prefactor are negligible [see Eqs. (8) and (9) in
Ref. [87] ].

4For comparison between O(3) vs O(4) bounce solutions, see
Ref. [51].

DASGUPTA, DEV, GHOSHAL, and MAZUMDAR PHYS. REV. D 106, 075027 (2022)

075027-4



YN ¼ 135

8π4
ξð3Þ gN

g�
; ð31Þ

where gN and g� are the degrees of freedom of N and the
relativistic degrees of freedom, respectively. In order to
calculate the bubble wall velocity we first calculate the
Jouguet velocity [4,88,89]

vJ ¼
1ffiffiffi
3

p 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3α2 þ 2α

p

1þ α
; ð32Þ

where α is change in the trace of the energy-momentum
tensor, ΔTμ

μ, across the phase transition [90],

α ¼ 1

ρr

�
ΔV −

T
4

dΔV
dT

�����
T¼Tn

; ð33Þ

and ΔV is the potential difference between the true and
false vacuum and ρr is the radiation energy density. The
rough estimate of the bubble wall velocity is then given
as [91]

vw ¼

8>><
>>:

ffiffiffiffiffi
ΔV
αρr

q
for

ffiffiffiffiffi
ΔV
αρr

q
< vJ

1 for
ffiffiffiffiffi
ΔV
αρr

q
≥ vJ

: ð34Þ

As we will see later (cf. Table II), for the choice of our
benchmark points, the second condition is always satisfied,

i.e.,
ffiffiffiffiffi
ΔV
αρr

q
≥ vJ, and the wall velocity is always equal to 1;

therefore, γw is infinity and the condition (29) is trivially
satisfied.5

Now, the RHNs are already out of equilibrium within the
bubble and thus can decay via CP-violating processes N →
LH; L̄H† to generate a leptonic asymmetry [69] that gets
transformed into a baryonic asymmetry via the electroweak
sphalerons [70]. The final baryonic asymmetry can be
written as follows:

YB ¼ ϵNκSphYN

�
Tn

TRH

�
3

; ð35Þ

where ϵN is the CP asymmetry in the decay of RHNs,
κSph ¼ 28=79 is the sphaleron conversion rate, and TRH is
the reheating temperature. The YB obtained in Eq. (35)
should then be compared with the observed baryon
asymmetry normalized over the entropy density: Yobs

B ¼
ð8.61� 0.05Þ × 10−11 [93].
In order to check the feasibility for the decay of the

RHNs to Higgs and leptons, we need to first consider the
thermally corrected masses for the Higgs and lepton
doublets at the reheating temperature [94]:

M2
HðTÞ ¼

�
3

16
g22 þ

1

16
g2Y þ 1

4
y2t

�
T2;

M2
LðTÞ ¼

�
3

32
g22 þ

1

32
g2Y

�
T2; ð36Þ

where gY and g2 are the Uð1ÞY and SUð2ÞL gauge
couplings, respectively, and yt is the top Yukawa coupling.
At the reheating temperature, we get

MHðTRHÞ þMLðTRHÞ ≃ 0.77TRH; ð37Þ

where we have set the coupling values at the electroweak
scale.6 The sum of thermal masses of the Higgs and lepton
in Eq. (37) needs to be lower than the RHN mass given by
Eq. (30) at T ¼ TRH.
Now there are two possibilities depending on the size of

the Yukawa coupling:
(1) YMM ≤ 0.35gB−LTRH
(2) YMM > 0.35gB−LTRH

For the first possibility the lower limit for the gB−L is
needed to be gB−L ≥ 2.2 for the RHN decay to be possible.
Such large gauge couplings will hit the Landau pole very
quickly, making the theory invalid at a relatively low scale.
On the other hand, if we have second possibility then the
condition for the RHN Yukawa coupling will be

TABLE II. Values of the relevant phenomenological parameters giving the observed baryon asymmetry and observable gravitational
wave signals for our three benchmark points.

αB−L y M (TeV) MN (TeV) α β=H� vw TRH (TeV) Tn (TeV) ϕ

BP1 0.007 2.4 × 10−6 100 7.3 3 × 106 24.3 1 4.7 0.13 0.07
BP2 0.012 2.9 × 10−6 100 10 69 33.7 1 6.5 2.5 2.8 × 10−5

BP3 0.019 4.4 × 10−6 100 23 0.13 57.4 1 15 15 1.6 × 10−6

5This is a special feature of the mass-gain mechanism, in
contrast with the conventional electroweak baryogenesis scenar-
ios, where the baryon asymmetry goes to zero in the limit of
vw → 1 [92].

6The values do not change much between the electroweak
scale and the reheating temperature for (multi) TeV-scale sym-
metry breaking considered here.
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YM ≡ yfgB−L ≥ 0.77
TRH

M
; or yf ≥

0.77
gB−L

TRH

M
: ð38Þ

For concreteness, we consider a yf value twice the lower
limit in Eq. (38) to compute the lepton asymmetry from
N → LH decay.
Furthermore, we have considered the input from the

neutrino mass matrix to constrain the Dirac Yukawa
coupling YD which is primarily responsible for the washout
of the generated asymmetry. We have calculated the Dirac
Yukawa coupling by considering the Casas-Ibarra para-
metrization [95]

YD ¼ Λ−1=2Om̂1=2
ν U†

PMNS; ð39Þ

where Λ ¼ v2=MN , O is an arbitrary complex orthogonal
matrix, m̂ν is the diagonal light neutrino mass matrix, and
UPMNS is the light neutrino mixing matrix. Using the best-fit
values of the light neutrino oscillation data [96] for normal
hierarchy and assumingO to be the identitymatrix,weobtain

y≡X
α

YD1α
∼ 2.3 × 10−8

�
MN

1 TeV

�
1=2

: ð40Þ

Sinceweare dealingwith leptogenesis at energy scales below
the so-called Davidson-Ibarra bound [97], we invoke the
resonant leptogenesis mechanism [98], where the dominant
contribution to the CP asymmetry comes from the wave
function corrections, and is independent of the size of the
Yukawa couplings. However, for maximalCP asymmetry, it
requires a fine-tuning in themass difference between the two
RHNswhich should be comparable to the RHNdecaywidth:
ΔM=M ∼ Γ=ð2MÞ ¼ y2=ð32πÞ.7 In this case, the CP asym-
metry in Eq. (35) can bewritten as ϵN ≃ sinð2ϕÞ=16π, where
ϕ is the relative CP phase between the two RHNs. In our
analysis, we have chosen the phase ϕ in such a way that the
correct baryon asymmetry can always be obtained from
Eq. (35).

But at reheating we require the washout process coming
from the inverse decay LH → N to be out of equilibrium,
which is possible if the following condition is satisfied [79]:

MN

TRH
≳ ln

�
y2MPl

24πTRH

�
MN

TRH

�
5=2

�
: ð41Þ

Considering MN ≃ 1.54TRH we satisfy the above relation.

V. GRAVITATIONAL WAVES

Before showing the correlation of the scale of lepto-
genesis with the present and future GW experiments let us
first take a slight detour to understand the GW contribu-
tions coming from the SFOPT. There are three main
contributions to the GW amplitude coming from bubble
collision (Ωb), sound wave (Ωs), and magnetohydrody-
namic turbulance (Ωt). The linear superposition of these
contributions gives the total GW amplitude:

Ωh2 ¼ Ωbh2 þ Ωsh2 þ Ωth2; ð42Þ

where h is the dimensionless Hubble parameter. Now each
of these contributions relies on some basic parameters
coming from the SFOPT, namely α [defined above in
Eq. (33)], β=H� (the inverse of the duration of the phase
transition in units of the Hubble timeH−1� at the time of GW
production), T� (the characteristic temperature at the time
of GW production), vw (bubble wall velocity), and κs;b;t
(the efficiency factors that characterize the fractions of the
released vacuum energy that are converted into the energy
of scalar-field gradients, sound waves, and turbulence,
respectively). In terms of the peak amplitude, each con-
tribution is given as follows [103]8:

h2ΩbðfÞ ¼ h2Ωpeakðα; β=H�; T�; vw; κbÞSbðf; fbÞ;
h2ΩsðfÞ ¼ h2Ωpeakðα; β=H�; T�; vw; κsÞSsðf; fsÞ;
h2ΩtðfÞ ¼ h2Ωpeakðα; β=H�; T�; vw; κtÞStðf; ftÞ: ð43Þ

The peak of the amplitudes are given as [103]

Ωpeakðα; β=H�; T�; vw; κbÞ ≃ 1.67 × 10−5
�

vw
β=H�

�
2
�

100

g�ðT�Þ
�

1=3
�

κbα

1þ α

�
2
�

0.11vw
0.42þ v2w

�
; ð44Þ

Ωpeakðα; β=H�; T�; vw; κsÞ ≃ 2.65 × 10−6
�

vw
β=H�

��
100

g�ðT�Þ
�

1=3
�

κsα

1þ α

�
2

; ð45Þ

7For our benchmark points in Table II, this amounts to a fine-tuning of one part in 1012 or so. However, there exist various symmetry-
motivated mechanisms to generate such small mass splittings from an exactly degenerate RHN mass spectrum, see, e.g., Refs. [99–102].

8For bubbles in a gauge theory recent studies have shown that the GW spectrum maybe slightly modified from this general case, but
the effect on the spectrum is tiny [104]; so we only consider the general case, as is usually done in the literature.
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Ωpeakðα; β=H�; T�; vw; κtÞ ≃ 3.35 × 10−4
�

vw
β=H�

��
100

g�ðT�Þ
�

1=3
�

κtα

1þ α

�
3=2

: ð46Þ

The corresponding peak frequencies are given by

fb ¼ 1.62 × 10−2 mHz

�
g�ðT�Þ
100

�
1=6

�
T�

100 GeV

��
β=H�
vw

��
0.62vw

1.8 − 0.1vw þ v2w

�
; ð47Þ

fs ¼ 1.9 × 10−2 mHz

�
g�ðT�Þ
100

�
1=6

�
T�

100 GeV

��
β=H�
vw

�
;

ð48Þ

ft ¼ 2.7 × 10−2 mHz

�
g�ðT�Þ
100

�
1=6

�
T�

100 GeV

��
β=H�
vw

�
:

ð49Þ

The spectral shapes S are given as

Sb ¼
�
f
fb

�
2.8
�

3.8
1þ 2.8ðf=fbÞ3.8

�
;

Ss ¼
�
f
fs

�
3
�

7

4þ 3ðf=fsÞ2
�

7=2
;

St ¼
�
f
ft

�
3
�

1

1þ ðf=ftÞ
�

11=3 1

1þ 8πf=h�
; ð50Þ

where the Hubble frequency h� corresponds to the Hubble
rate H� at the time of GW production. The redshifted value
depends on T� as

h� ¼ 1.6 × 10−2 mHz
�
g�ðT�Þ
100

�
1=6

�
T�

100 GeV

�
: ð51Þ

Since the scenario we are particularly studying is the
supercooled regime, the characteristic temperature is the
reheating temperature T� ¼ TRH as Tn ≪ TRH. And
the parameter β=H� in Eqs. (44)–(46) is defined as

β

H�
¼ Hn

H�
Tn

�
dS
dT

�
T¼Tn

: ð52Þ

In Table II, we give three benchmark points for the B − L
gauge coupling strength, B − L breaking scale, RHN mass
scale, and the CP phase ϕ, which lead to successful
leptogenesis. Here we have used the resonant leptogenesis
mechanism [98,105] so that MN in the multi-TeV range is
possible, and we can get the desired CP asymmetry ϵN by
adjusting the CP phase ϕ. The corresponding parameters
relevant for the computation of the GW amplitude, namely,
α, β=H�, vw, TRH, and Tn are also given in Table II.
Figure 2 shows the corresponding GW amplitudes for the
three benchmark points (black curves) as a function of the

GW frequency. Also shown in Fig. 2 are the experimental
sensitivities of the current and future GWexperiments, such
as aLIGO [106], LISA [107], BBO [108], DECIGO [109],
and ET [110]. The shaded region shows the current LIGO-
VIRGO exclusion [111,112], and therefore, LIGO-VIRGO
is already probing part of the leptogenesis parameter space,
as we will show below.
In order to estimate the signal strength with the ongoing

GW experiments and also to obtain predictions for the
future ones we have calculated the associated SNR ρ by
integrating over the experiment’s total observing time tobs
and accessible frequency range ½fmin; fmax� [113–115]:

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tobs

Z
fmax

fmin

df

�
ΩGWðfÞh2
ΩexptðfÞh2

�
2

s
; ð53Þ

where the running time for each experiment has been taken
to be 1 year. The parameter region for gB−L for a given
symmetry-breaking scale M has four natural constraints
with respect to each GW experiment, as shown by the
scatter plots in Fig. 3, assuming an SNR ρ > 10, except for
the last panel where we show ρ > 1 for the current

FIG. 2. GW amplitudes for the three benchmark points shown
in Table II (BP1-BP3). Also shown are the current and future
sensitivities of GW signal strengths.

GRAVITATIONAL WAVE PATHWAY TO TESTABLE … PHYS. REV. D 106, 075027 (2022)

075027-7



observing run of LIGO-VIRGO. The upper bound on gB−L
comes from the fact that when the coupling becomes
stronger, the β=H� starts increasing, thus leading to the
decrease of GW amplitude. It also shifts the peak
frequency towards the higher values pushing the signal
out-of-reach of a particular experiment. The value of α
also decreases when the coupling is stronger. On the other
hand, if one decreases the gauge coupling the ratio
Tn=TRH ≪ 1, resulting in the requirement of higher ϵ

to satisfy Eq. (35). Since ϵ < 1, it always forces a lower
bound on gB−L. The lower bound on the mass scale M
comes from the requirement of percolation temperature
Tp to be above the electroweak phase transition scale, i.e.,
Tp > v. And finally, the higher mass scale is bounded by
the sensitivity reach of each experiment as the higher mass
scale corresponds to higher peak frequency.
Also shown in Fig. 3 are the collider constraints from

LEP and LHC [116]. It is clear that the GW sensitivities

FIG. 3. The allowed parameter space for successful leptogenesis and observable GW in different GW detectors [CE, ET, BBO, LISA,
DECIGO, and LIGO-VIRGO with different runs (HL-HLV02)]. The dashed and solid lines show the existing (and future) collider
constraints.
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extend to higher B − L breaking scale and are therefore
complementary to the collider constraints. Moreover, as
shown in the bottom right plot of Fig. 3, the current LIGO-
VIRGO constraint on stochastic GW [111,112] has already
ruled out a new portion of the B − L parameter space giving
rise to successful leptogenesis.

VI. CONCLUSION

Due to the availability of new tools to detect GW in the
near future, probing the scale of new physics via GW has
been a topic of great interest with several proposals ranging
from GW sourced by cosmic strings [117] and by domain
walls [118] to inflationary GW [119] being considered
recently. In this paper we proposed GW production from
strong first-order phase transitions in a classically scale-
invariant minimal B − L model as a pathway to testable
resonant leptogenesis which occurs via the mass-gain
mechanism [79]. Moreover unlike the above-mentioned
GW signatures, in our prescription, one is able to comple-
ment the GW signals with Z0 searches in colliders (see
Fig. 3). The scale of leptogenesis that is probed via this
mechanism and its correlation with the GW signals are also
different from the other scenarios as the GW spectra from
various sources are different and distinguishable from each
other (see Ref. [120] for a review). An interesting obser-
vation of our analysis is that the minimal requirement for
the RHN Yukawa coupling yf always satisfies the washout
condition at reheating temperature TRH. Furthermore, the
current LIGO-VIRGO run-3 data has already ruled out
some of the parameter space for leptogenesis as shown in
Fig. 3 (bottom right panel). Most interestingly, the allowed

parameter regions are bounded from all sides: the lower
bounds on coupling gB−L and MZB−L

are coming from the
requirement of ϵN < 1 and Tp > 100 GeV, and the upper
bounds are coming from the experimental sensitivities. In
the near future, the proposed GWexperiments, like Einstein
Telescope and Cosmic Explorer, will have the capacity to
constrain even more parameter space for thermal lepto-
genesis, complementary to the collider bounds. Still higher
scale leptogenesis can in principle be probed by going
beyond the traditional interferometer-based GW detectors
to other GW detectors operating at higher frequencies;
however such detectors are yet to reach suitable sensitivities
although several recent proposals have been made in this
direction [121–123]. Finally we envisage our prescription
to have discerning effects on the GW observations from
electroweak phase transitions (typically in LISA) if the
leptogenesis occurs very close to the EW scale [124] but
this study is beyond the scope of the current paper and will
be taken up in future.
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