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We describe a unique gravitational wave signature for a class of models with a vast hierarchy between the
symmetry breaking scales. The unusual shape of the signal is a result of the overlapping contributions to the
stochastic gravitational wave background from cosmic strings produced at a high scale and a cosmological
phase transition at a low scale. We apply this idea to a simple model with gauged baryon and lepton
numbers, in which the high-scale breaking of the lepton number is motivated by the seesaw mechanism for
the neutrinos, whereas the low scale of baryon number breaking is required by the observed dark matter
relic density. The novel signature can be searched for in upcoming gravitational wave experiments.
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I. INTRODUCTION

Gravitational wave detectors opened the door to an
entirely new set of opportunities for probing unexplored
avenues in physics and astronomy. Many astrophysical
discoveries have already been made using solely the data
gathered by LIGO [1] and Virgo [2] in their initial runs.
One can only imagine what will be learned from future
detectors such as LISA [3], DECIGO [4], Cosmic Explorer
(CE) [5], Einstein Telescope (ET) [5], and Big Bang
Observer (BBO) [6]. Interestingly, gravitational wave
experiments may not only reveal information about black
hole and neutron star mergers, but they can also provide a
deep insight into the particle physics of the early universe.
The shape of the stochastic gravitational wave back-

ground is the key to unraveling the symmetry breaking
pattern in the first instances after the big bang. It enables us
to explore the physics at the very high energy scale,
inaccessible directly in any other experiment and, so far,
probed only indirectly, e.g., via proton decay searches.
Thus, a discovery of a gravitational wave signal from the
early universe would provide invaluable insight into the UV
completion of the Standard Model. The two main sources
of such gravitational waves are cosmological phase tran-
sitions and cosmic strings.
Depending on the parameters of the scalar potential, upon

symmetry breaking at early times the universe might have
been trapped in a vacuum that became metastable as the
temperature dropped. In the presence of a potential barrier
separating this false vacuum from the true vacuum, a first

order phase transition would occur, nucleating bubbles of
true vacuum which expanded and populated the universe.
This, in turn, would lead to a production of gravitational
waves with a characteristic bumplike shape in the spectrum.
Indeed, such signals have been analyzed in the context of
various particle physics models (see, e.g., [7–31]).
On the other hand, symmetry breaking can also lead to

the production topological defects such as cosmic strings,
as it happens, e.g., in models with a complex scalar field
charged under a U(1) gauge group. A network of cosmic
strings is a long-lasting source of gravitational waves and
gives rise to a spectrum which, to a good approximation, is
flat in a wide range of frequencies. Such cosmic string
signatures have also been considered in many models (see,
e.g., [32–42]).
For a single broken U(1) gauge group, the cosmic string

contribution is negligible in the frequency range relevant
for the gravitational wave signal of a phase transition.
However, if cosmic strings were produced by a high-scale
breaking of Uð1Þhigh, whereas the first order phase tran-
sition was triggered by the breaking of a different Uð1Þlow
at a much lower energy scale, the two contributions could
end up comparable at frequencies corresponding to the
Uð1Þlow breaking.
In this paper, we propose to look precisely for such a

combined signature of a phase transition and cosmic
strings. This is naturally realized in models with a seesaw
mechanism, in which the large mass of the right-handed
neutrinos arises from lepton number breaking at a scale
vL ∼ 1010–1015 GeV. In a certain frequency band, the
resulting cosmic string signal can have a similar magnitude
to that of a phase transition happening at a scale
vB ∼ 103–105 GeV. For a particular realization of this
scenario, we focus on a simple model with gauged baryon
and lepton numbers [43], where the high-scale lepton
number breaking is motivated by the seesaw mechanism,
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whereas the low scale of baryon number breaking is
required to explain the dark matter relic abundance.
There are several reasons for gauging baryon and lepton

numbers and breaking them spontaneously. In the Standard
Model, B and L are accidental global symmetries. Such
symmetries, however, cannot be fundamental in a consis-
tent theory of quantum gravity, unlike gauge symmetries
[44]. Another motivation comes from the matter-antimatter
asymmetry of the universe, which requires the baryon
number to be broken beyond the nonperturbative effects
mediated by the electroweak sphalerons. Early attempts of
gauging Uð1ÞB and Uð1ÞL were made in [45–49], but
phenomenologically viable models consistent with LHC
constraints were constructed only recently [43,50–54] and
can naturally account for the nonobservation of proton
decay, small neutrino masses, dark matter, and the matter-
antimatter asymmetry. This idea was further generalized to
the non-Abelian case and partially unified theories in
[55–58].
Although the focus of this paper is on the model

constructed in [43], our proposed signature is much more
general and can be realized in other models with two U(1)
gauge groups broken at vastly different scales, not neces-
sarily associated with baryon or lepton number.

II. GAUGING BARYON AND LEPTON NUMBER

The model we consider is based on the gauge group

SUð3Þc × SUð2ÞL × Uð1ÞY × Uð1ÞB × Uð1ÞL: ð1Þ

The charges under Uð1ÞB and Uð1ÞL of the Standard Model
particles are the same as their standard B and L assign-
ments. The requirement of gauge anomaly cancellation
implies the existence of new fermion fields. There are many
possible choices for these extra fields, with various hyper-
charge and Uð1ÞB and Uð1ÞL charge assignments. Since the
particular choice of the new fermions or their charges does
not qualitatively impact our results, we consider the
original set of fields proposed in [43].
The Standard Model is extended with three families of

right-handed neutrinos νiR and the following single set of
leptobaryonic fermions:

ΨL ¼
�
1; 2;

1

2
; B1; L1

�
; ΨR ¼

�
1; 2;

1

2
; B2; L2

�
;

ηR ¼ ð1; 1; 1; B1; L1Þ; ηL ¼ ð1; 1; 1; B2; L2Þ;
χR ¼ ð1; 1; 0; B1; L1Þ; χL ¼ ð1; 1; 0; B2; L2Þ; ð2Þ

with the relations B2 − B1 ¼ 3 and L2 − L1 ¼ 3 satisfied.
We are going to assume B1 ¼ L1 ¼ −1 and B2 ¼ L2 ¼ 2.
Two new scalar fields are also introduced into the model,

ΦL ¼ ð1; 1; 0; 0;−2Þ; ΦB ¼ ð1; 1; 0;−3;−3Þ: ð3Þ

The gauge group Uð1ÞL is broken by the vacuum expect-
ation value (VEV) of the field ΦL at a high scale, whereas
Uð1ÞB is broken by the VEV of ΦB at a lower scale,

hΦLi ¼
vLffiffiffi
2

p ; hΦBi ¼
vBffiffiffi
2

p ; ð4Þ

with a large hierarchy between them, and with respect to
the Standard Model Higgs H VEV v ≈ 246 GeV,

vL ≫ vB ≫ v: ð5Þ
The Lagrangian terms describing the interactions of the

new fermions with scalars are

L ⊃ YΨ Ψ̄LΨRΦB þ Yη η̄RηLΦB þ Yχ χ̄RχLΦB

þ yηRΨ̄LHηR þ yηLΨ̄RHηL þ yχRΨ̄LHχR

þ yχLΨ̄RHχL þ yν l̄LH̃νR þ Yν νRνRΦL þ H:c: ð6Þ
The only fermions that couple to ΦL are the right-handed
neutrinos. Because of the large hierarchy between the
symmetry breaking scales, one can ignore the effect of
terms involving H on the fermion masses.
The scalar potential for ΦL and ΦB is given by

VðΦL;ΦBÞ ¼ −μ2LjΦLj2 þ λLjΦLj4 − μ2BjΦBj2 þ λBjΦBj4;
ð7Þ

where we have left out the possible cross terms between the
fields ΦL, ΦB, and H, assuming that the corresponding
coefficients are small.
The Standard Model covariant derivative is extended to

Dμ ¼ DSM
μ þ igBBμBþ igLLμL: ð8Þ

After symmetry breaking, the fields Bμ and Lμ give rise to
the gauge bosons ZB and ZL that couple exclusively to
baryons and leptons, respectively. Their masses are

mZB
¼ 3gBvB; mZL

¼ 2gLvL: ð9Þ

Since Uð1ÞB and Uð1ÞL are not unified with the Standard
Model gauge group, the gauge couplings gB and gL are free
parameters, similar to λB, λL, and the new Yukawas.
The breaking of Uð1ÞL results in a ΔL ¼ 2 mass term

for the right-handed neutrinos, which leads to the type I
seesaw mechanism. Assuming the Yukawa couplings
yν ∼Oð10−2Þ and Yν ∼Oð1Þ, the measured neutrino mass
splittings are naturally explained if the scale of lepton
number breaking is

vL ≈ 1011 GeV: ð10Þ

The breaking of Uð1ÞB leads to baryon number violation,
but only by three units, ΔB ¼ 3. This implies that proton is
absolutely stable in this model. In addition, since the
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lowest-dimensional baryon number violating operator
appears at dimension 19,

O ∼
ðuRuRdReRÞ3ΦB

Λ15
; ð11Þ

the resulting ΔB ¼ 3 processes are highly suppressed.
Interestingly, after Uð1ÞB and Uð1ÞL breaking, an acci-

dental global symmetry remains in the new sector, under
which the leptobaryons transform as

ΨL;R → eiαΨL;R; ηL;R → eiαηL;R;

χL;R → eiαχL;R: ð12Þ

This implies the stability of the lightest leptobaryon.
Assuming Yχ < YΨ;η, the lightest new field is χ. As a
Standard Model singlet, χ becomes a viable dark matter
candidate.
If χ is indeed a dark matter particle, the cross section for

its annihilation needs to be consistent with the observed
dark matter relic density h2ΩDM ¼ 0.12 [59]. Since the
annihilation proceeds via the s-channel χχ̄ → Z�

B → qq̄,
and the mass of the gauge boson ZB depends on the
symmetry breaking scale, this introduces a nontrivial
relation between the parameters vB, gB, and Yχ . As pointed
out in [53] (see also [60]), with B1 þ B2 ¼ 1 this imposes
the upper bound

gBvB ≲ 20 TeV: ð13Þ

In the analysis of the phase transition resulting from Uð1ÞB
breaking in Sec. IV we adopt λB ∼ 10−2. The gravitational
wave signal is then maximized for gB ∼ 0.3. Therefore, as a
benchmark scenario we assume the parameter values,

vB ¼ 20 TeV; gB ¼ 0.3; λB ¼ 10−2; Yχ ¼ 0.6;

ð14Þ

with YΨ;η slightly larger than Yχ , so that χ remains
the lightest leptobaryon. In this benchmark model
MZB

∼ 20 TeV, well beyond the LHC reach. However, a
phase transition signal associated with symmetry breaking
at this scale is within the reach of upcoming gravitational
wave experiments.

III. COSMIC STRINGS FROM Uð1ÞL BREAKING

The spontaneously broken gauge symmetry Uð1ÞL can
lead to gravitational wave production in two very different
ways: (1) within a very short timescale during a phase
transition via sound waves, bubble collisions, and turbu-
lence (as discussed in Sec. IV), or (2) in a long-term process
resulting from the dynamics of the produced cosmic
strings. Since the frequencies of the type (1) signal for a
high scale vL are inaccessible via gravitational detectors in

the foreseeable future, we consider only the cosmic string
signature of Uð1ÞL breaking, since it extends to lower
frequencies.

A. Cosmic string network

Cosmic strings may be generated during the breaking of
Uð1ÞL through the Kibble mechanism [61]. They are
topological defects corresponding to one-dimensional field
configurations where the symmetry remains unbroken.
The produced cosmic string network is characterized by
the string tension μ (energy per unit length). It is related to
the symmetry breaking scale vL via [38,62]

Gμ ¼ 2π

�
vL
MP

�
2

; ð15Þ

where G is the gravitational constant, MP ¼ 1.22 ×
1019 GeV is the Planck mass, and we assumed that the
winding number n ¼ 1. Measurements of the cosmic
microwave background constrain the string tension to be
Gμ ≲ 10−7 [63].
The cosmic string network experiences two competing

contributions to its dynamics: stretching (due to the
expansion of the universe) and formation of string loops
(when long strings intersect and intercommute). The string
loops themselves are unstable: they oscillate and eventually
decay. The combination of the two effects results in a
scaling regime that consists of a small number of Hubble-
length strings and a large number of string loops [64–68].
The energy is continuously transferred from long strings
to loops, and eventually to radiation or particles, constitut-
ing a fixed fraction of the total energy density of the
universe [69].
The dominant decay channel of string loops is gravita-

tional radiation [70,71]. In particular, powerful bursts of
gravitational waves are expected to be produced by cusps
and kinks propagating along the string loops, as well as
kink-kink collisions. The superposition of these bursts
results in a stochastic gravitational wave background. To
calculate the corresponding signal, we follow the frame-
work adopted in [35,38].

B. String dynamics

Let us consider a cosmic string loop created at time ti and
of length lðtiÞ ¼ αti, where α is an approximately constant
loop size parameter. We assume α ¼ 0.1, as this provides a
good approximation for the loop size distribution deter-
mined in [32,72]. While the loop oscillates, it emits
gravitational waves with frequencies

ν̃ ¼ 2k
l
; where k ∈ Zþ: ð16Þ

In the current epoch, this corresponds to ν ¼ aðt̃Þ=aðt0Þν̃,
where a is the scale factor of the universe, t̃ is the emission
time, and t0 denotes the time today.
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The spectrum of gravitational waves emitted from a
single loop is given by [32,72]

Pðk;nÞ
CS ¼ ΓGμ2k−nP∞

p¼1 p
−n ; ð17Þ

where n ¼ 4
3
, 5

3
, 2 corresponds to the contribution from

cusps, kinks, and kink-kink collisions, respectively, and
Γ ≃ 50 [73]. Because of the emission of gravitational
waves, the loop shrinks,

lðt̃Þ ¼ αti − ΓGμðt̃ − tiÞ; ð18Þ

and decays after the time τ ¼ αti=ðΓGμÞ. Furthermore, it
was shown in [72] that only F α ≈ 10% of the loops
contribute to the gravitational wave signal.
The model dependence enters through the assumption

regarding the loop distribution function fðl; tÞdl, which
describes the number density of loops with an invariant
length in the range ðl; lþ dlÞ at the cosmic time t. We adopt
the framework of the velocity-dependent one-scale model
[74–76], which describes the evolution of a string network
in terms of only two parameters: the mean string velocity
and the correlation length. In the scaling solution regime,
for which those parameters become constant, one arrives at

fðl; tiÞ ¼
ffiffiffi
2

p
Ceff

αt4i
δðl − αtiÞ; ð19Þ

where Ceff ¼ 5.4 for the radiation era and Ceff ¼ 0.39 for
matter domination [35].

C. Gravitational wave signal

The dynamics of the cosmic string network generates the
stochastic gravitational wave background given by [35,38]

h2ΩCSðνÞ ¼
2h2F α

ρcνα
2

X
k;n

kPðk;nÞ
CS

Z
t0

tF

d t̃
Ceffðti;kÞ

t4i;k

×

�
aðt̃Þ
aðt0Þ

�
5
�
aðti;kÞ
aðt̃Þ

�
3

Θðti;k − tFÞ: ð20Þ

In the expression above ρc is the critical density, Θ is the
Heaviside function, tF is the time of the cosmic string
network formation (i.e., when the energy scale of the
universe is equal to the string tension,

ffiffiffiffiffiffiffiffiffiffiffi
ρðtFÞ

p ¼ μ [38]),
ti;k is the time of the loop production,

ti;k ≡ ti;kðt̃; νÞ ¼
1

α

�
2k
ν

aðt̃Þ
aðt0Þ

þ ΓGμt̃
�
; ð21Þ

t̃ is the time of the gravitational wave emission, and t0 is the
time today. We have also assumed Gμ ≪ α. Following

[35,38], we consider only the contribution of the cusps to
the gravitational wave signal.
Figure 1 shows the resulting cosmic string contribution

h2ΩCS to the stochastic gravitational wave background,
calculated using Eq. (20), for several choices of the Uð1ÞL
breaking scale, and in the frequency range relevant for
upcoming gravitational wave experiments.

IV. PHASE TRANSITION FROM Uð1ÞB BREAKING

In this section we derive the spectrum of the stochastic
gravitational wave background generated by sound waves
and magnetohydrodynamic turbulence from the first order
phase transition triggered by gauged baryon number
breaking. For the sound wave contribution we adopt a
novel estimate of the suppression factor recently derived in
[77], which considerably weakens the gravitational wave
signal.

A. Effective potential

The large hierarchy between the scales, as given by
Eq. (5), implies that the effective potential for the back-
ground field ϕB ≡ ffiffiffi

2
p

ReðΦBÞ can be considered independ-
ently from the other background fields. The three types of
contributions to the potential are tree-level, one-loop, and
finite temperature.
The tree-level part is

V treeðϕBÞ ¼ −
1

2
λBv2Bϕ

2
B þ 1

4
λBϕ

4
B; ð22Þ

where we used the relation between the parameters satisfied
at the minimum, μB ¼ vB

ffiffiffiffiffi
λB

p
.

The one-loop Coleman-Weinberg contribution, adopting
the cutoff regularization scheme and matching the one-loop
and tree-level minima, can be written as

FIG. 1. Stochastic gravitational wave background from the
cosmic string network produced from gauged Uð1ÞL breaking for
several choices of the scale vL.

BARTOSZ FORNAL and BARMAK SHAMS ES HAGHI PHYS. REV. D 102, 115037 (2020)

115037-4



V1−loopðϕBÞ ¼
X
i

ni
32π2

�
m4

i ðϕBÞ
�
log

�
miðϕBÞ
miðvBÞ

�
−
3

4

�

þm2
i ðϕBÞm2

i ðvBÞ
�
; ð23Þ

where the sum is over all particles coupling to ϕB, while ni
is the number of degrees of freedom of a given particle,
with a minus sign for fermions. For the Goldstone boson
χB, one needs to replace mχBðvBÞ → mϕB

ðvBÞ. The back-
ground field-dependent masses are

mZB
ðϕBÞ ¼ 3gBϕB; mϕB

ðϕBÞ ¼ ½λBð3ϕ2
B − v2BÞ�1=2;

mχBðϕBÞ ¼ ½λBðϕ2
B − v2BÞ�1=2; mΨðϕBÞ ¼ YΨϕB=

ffiffiffi
2

p
;

mηðϕBÞ ¼ YηϕB=
ffiffiffi
2

p
; mχðϕBÞ ¼ YχϕB=

ffiffiffi
2

p
: ð24Þ

The finite temperature part of the effective potential is

V tempðϕB; TÞ

¼ T4

2π2
X
i

ni

Z
∞

0

dyy2 log
	
1 ∓ e−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i ðϕBÞ=T2þy2
p 


þ T
12π

X
j

n0jfm3
jðϕBÞ − ½m2

jðϕBÞ þ ΠjðTÞ�32g: ð25Þ

In the expression above, the sum over i includes all
particles coupling to ϕB, whereas that over j includes only
bosons. The plus/minus sign corresponds to fermions/
bosons. Ignoring the terms suppressed by small λB, the
thermal masses are

ΠϕB
ðTÞ ¼ ΠχBðTÞ ¼

9

4
g2BT

2; ΠL
ZB
ðTÞ ¼ 14

3
g2BT

2;

ð26Þ

where the superscript L denotes longitudinal components.

The full effective potential is given by

VeffðϕB; TÞ ¼ V treeðϕBÞ þ V1−loopðϕBÞ þ V tempðϕB; TÞ:
ð27Þ

It is shown in Fig. 2 for the benchmark scenario in Eq. (14).
A strong first order phase transition occurs, since there is a
barrier separating the false vacuum from the true one.

B. Phase transition

When a patch of the universe tunnels from the false
vacuum to the true vacuum, a bubble is formed and starts
expanding. The nucleation rate of such bubbles per unit
volume is [78]

ΓðTÞ ∼ T4 exp

�
−
SðTÞ
T

�
; ð28Þ

where the Euclidean action SðTÞ is given by

SðTÞ ¼ 4π

Z
drr2

�
1

2
ϕ0
bðrÞ2 þ Veffðϕb; TÞ

�
ð29Þ

and ϕðrÞ is the solution of the expanding bubble equation
with appropriate boundary conditions,

ϕ00
bðrÞ þ

2

r
ϕ0
bðrÞ −

dVeffðϕ; TÞ
dϕ

����
ϕ¼ϕb

¼ 0;

ϕ0
bð0Þ ¼ 0; ϕbð∞Þ ¼ ϕtrue: ð30Þ

The onset of the phase transition occurs at the nucleation
temperature T� at which ΓðT�Þ ≈H4. Using Eq. (28), this
condition can be rewritten as

4 log
�
MP

T�

�
≈
SðT�Þ
T�

: ð31Þ

A phase transition is fully described by four parameters:
the bubble wall velocity vw, the nucleation temperature T�,
the inverse of its duration β̃,

β̃ ¼ T�
d
dT

�
SðTÞ
T

�����
T¼T�

; ð32Þ

and the strength of the transition α,

α ¼ ρvacðT�Þ
ρradðT�Þ

: ð33Þ

In the expression above
FIG. 2. Plot of the effective potential VeffðϕB; TÞ − Veffð0; TÞ
for the choice of parameters in Eq. (14) and several temperatures.
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ρvacðT�Þ ¼ Veffðϕfalse; T�Þ − Veffðϕtrue; T�Þ

− T�
∂½Veffðϕfalse; TÞ − Veffðϕtrue; TÞ�

∂T
����
T¼T�

ð34Þ

is the energy density of the false vacuum and

ρradðT�Þ ¼
π2

30
g�ðT�ÞT4� ð35Þ

is the radiation energy density, with g�ðT�Þ being the
number of relativistic degrees of freedom at the time of
the transition.
Out of the four parameters vw, T�, β̃, α, only the bubble

wall velocity does not depend on the shape of the effective
potential, and we will set it to vw ≈ 0.7c (for a detailed
discussion of the possible choices see [79]). For the
benchmark scenario in Eq. (14) the nucleation temperature
is T� ≈ 600 GeV and g�ðT�Þ ≈ 107, since all degrees of
freedom beyond the Standard Model are nonrelativistic at
this T�.

C. Gravitational wave signal

The sound wave contribution to the gravitational wave
spectrum is given by [80,81]

h2ΩsðνÞ ≈ ð1.86 × 10−5Þ
ð ννsÞ3

½1þ 0.75ð ννsÞ2�
7
2

×
vw
β̃

�
κsα

αþ 1

�
2
�
100

g�

�1
3

ϒ; ð36Þ

where the parameter κs (the fraction of the latent heat
transformed into the bulk motion of the plasma [79]) and
the peak frequency νs are

κs ≈
α

0.73þ 0.083
ffiffiffi
α

p þ α
;

νs ≈ ð1.9 × 10−4 HzÞ
�

g�
100

�1
6 β̃

vw

�
T�

1 TeV

�
; ð37Þ

and ϒ is the suppression factor adopted from [77],

ϒ ¼ 1 −
�
1þ 8π

1
3ffiffiffi
3

p vw
β̃

�
ακs
αþ 1

�
−1
2

�−1
2

: ð38Þ

This leads to a stronger suppression of the sound wave
signal than previously estimated [82–84], weakening it by
nearly 2 orders of magnitude.
The contribution to the gravitational wave spectrum

arising from bubble collisions, h2ΩcðνÞ, was studied in
[81,85,86]. Adopting the corresponding formula for h2Ωc,
the effect of bubble wall collisions can be comparable to the

sound wave contribution or even dominate it in certain
frequency ranges. However, as discussed in [84], it has
recently been argued that the gravitational radiation from
the collision phase might actually be swamped by the
radiation generated by the motion of the fluid in later
phases of the transition. Therefore, in what follows, we
neglect the effect of bubble wall collisions. We note that
this does not qualitatively affect our results.
The remaining contribution from turbulence is [87]

h2ΩtðνÞ ≈ ð3.35 × 10−4Þ
ð ννtÞ3

ð1þ 8πν
h�
Þð1þ ν

νt
Þ113

×
vw
β̃

�
ϵκsα

αþ 1

�3
2

�
100

g�

�1
3

; ð39Þ

where we adopt ϵ ¼ 0.05 [81] and

h� ¼ ð1.7 × 10−4 HzÞ
�

g�
100

�1
6

�
T�

1 TeV

�
;

νt ¼ 1.64
β̃

vw
h�: ð40Þ

Figure 3 shows the contributions to the stochastic
gravitational wave background from Uð1ÞB breaking that
originate from sound waves and magnetohydrodynamic
turbulence, for the benchmark scenario in Eq. (14) and in
the frequency range relevant for upcoming gravitational
wave experiments.
To determine how likely it is for the phase transition

from Uð1ÞB breaking to produce an observable gravita-
tional wave signal, we performed a scan over the relevant
parameters. Figure 4 shows the region of parameter space
for the gauge coupling gB versus the quartic coupling λB
that yields a first order phase transition (for vB ¼ 20 TeV),
giving rise to a signal detectable at LISA, DECIGO, and the
Big Bang Observer, with a signal-to-noise ratio greater than

FIG. 3. Stochastic gravitational wave background produced by
sound waves and turbulence during a first order phase transition
triggered by the breaking of gauged Uð1ÞB, for the benchmark
scenario in Eq. (14). The dashed line corresponds to the signal
from sound waves without the suppression factor ϒ.

BARTOSZ FORNAL and BARMAK SHAMS ES HAGHI PHYS. REV. D 102, 115037 (2020)

115037-6



five after one year of collecting data. A sizable portion of
parameter space leads to a measurable signal.

V. GRAVITATIONAL WAVE SIGNATURE

Figure 5 shows the combined gravitational wave sig-
nature of the cosmic string network produced at the high
scale and a first order phase transition that occurred at the
low scale. The plot was made for the model with gauged
baryon and lepton numbers with vL ¼ 1011 GeV and the
parameter values as in Eq. (14). The expected signal is flat
throughout a wide range of frequencies and contains a
characteristic bumplike feature, which distinguishes it from
pure seesaw signatures.

The position of the bump depends linearly on the
nucleation temperature; for a higher Uð1ÞB breaking scale
the phase transition appears at higher frequencies. The
parameter β̃ affects both the position of the peak and its
height, whereas the parameter α governs only its height; a
larger β̃ corresponds to higher frequencies and a weaker
signal, whereas a larger α implies a stronger signal.
The breadth of the signature across many frequencies

places it within the reach of nearly all upcoming gravitational
wave detectors. The high-frequency flat part of the signal can
be searched for in experiments like the Cosmic Explorer and
the Einstein Telescope, whereas the low-frequency part
including the bump feature is within the reach of LISA,
the Big Bang Observer, and DECIGO. The signal is clearly
distinguishable from a pure cosmic string signature (shown as
the brown dotted line) and from a pure phase transition
signature (denoted by the brown dashed line).

VI. SUMMARY

We have recently entered an extremely exciting time
when progress in particle physics may actually come from
classical gravity measurements. Gravitational wave detec-
tors offer a very promising probe of the early universe and
may provide information on the structure of the theory at
high scales, well above the LHC reach and inaccessible
directly in any other existing experiment. There are gen-
erally two kinds of particle physics signatures that can be
searched for via gravitational wave measurements, and that
fall within the sensitivity of near-future gravitational wave
experiments.
Signals of the first type arise from cosmic phase

transitions, and are produced abruptly by sound waves,

FIG. 4. The parameter space region ðλB; gBÞ for which a phase
transition triggered by Uð1ÞB breaking with vB ¼ 20 TeV gives
rise to a gravitational wave signal detectable at LISA (green),
DECIGO (green and blue), and BBO (green, blue, and purple)
with a signal-to-noise ratio greater than five after one year of
collecting data. The orange dot denotes the benchmark param-
eters used in Fig. 5.

FIG. 5. Stochastic gravitational wave signature of the model with gauged baryon and lepton numbers for vB ¼ 20 TeV and
vL ¼ 1011 GeV (black solid line). Sensitivities of future detectors are also shown: Big Bang Observer [88] (purple), DECIGO [88]
(blue), LISA (in the C1 configuration) [81] (green), Cosmic Explorer [5] (gray), and Einstein Telescope [89] (red). The dashed line
denotes the contribution from the phase transition associated with Uð1ÞB breaking, whereas the dotted line corresponds to the cosmic
string signal from Uð1ÞL breaking.
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bubble collisions, and magnetohydrodynamic turbulence.
They exhibit a bumplike shape, with the peak frequency
determined by the symmetry breaking scale. The second
class of signals comes from the dynamics of the cosmic
string network, produced during a phase transition, but
sourcing gravitational radiation throughout a long period
after its formation. Those signals are flat and stretch out
across a wide range of frequencies.
In this paper, we considered the possibility of the two

types of signals coexisting and giving rise to a new type of
signature—a flat spectrum with a bump feature—which is
within the reach of upcoming gravitational wave experi-
ments. We pointed out that such signatures occur generi-
cally in models with two or more gauge symmetries that
are broken at vastly separated scales. We analyzed this
scenario in the context of a model with gauged baryon and
lepton numbers, where the high-scale breaking of the
lepton number is motivated by the seesaw mechanism for
the neutrinos, whereas the breaking of the baryon number
is confined to a much lower scale by the observed dark
matter relic abundance. The flat part of the resulting

spectrum is within the reach of the Cosmic Explorer and
Einstein Telescope, whereas the bump feature falls within
the sensitivity of LISA, the Big Bang Observer, and
DECIGO.
Such a cosmic search for a combined signature of baryon

and lepton number violation is complementary to collider
efforts. An observation of the gravitational wave signal
proposed here would be a strong motivation for building the
100 TeV collider, which could independently search for the
leptophobic gauge boson associated with baryon number
breaking. Such a discovery would also imply the necessity
of revisiting the ideas about grand unification, once again
showing that nature is full of surprises.
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