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Left-right symmetry at high energy scales is a well-motivated extension of the Standard
Model. In this paper we consider a typical minimal scenario in which it gets spontaneously
broken by scalar triplets. Such a realization has been scrutinized over the past few decades
chiefly in the context of collider studies. In this work we take a complementary approach
and investigate whether the model can be probed via the search for a stochastic gravitational
wave background induced by the phase transition in which SU(3)C × SU(2)L × SU(2)R ×
U(1)B−L is broken down to the Standard Model gauge symmetry group. A prerequisite for
gravitational wave production in this context is a first-order phase transition, the occurrence
of which we find in a significant portion of the parameter space. Although the produced
gravitational waves are typically too weak for a discovery at any current or future detector,
upon investigating correlations between all relevant terms in the scalar potential, we have
identified values of parameters leading to observable signals. This indicates that, given a
certain moderate fine-tuning, the minimal left-right symmetric model with scalar triplets
features another powerful probe which can lead to either novel constraints or remarkable
discoveries in the near future. Let us note that some of our results, such as the full set of
thermal masses, have to the best of our knowledge not been presented before and might be
useful for future studies, in particular in the context of electroweak baryogenesis.

I. INTRODUCTION

The electroweak interaction, associated with the SU(2)L × U(1)Y part of the Standard Model
(SM) gauge group, distinguishes left- and right-handed particles and is not symmetric under their
interchange. The fundamental principles that would lead to such a low-energy theory are still
unknown. Arguably, one of the most straightforward high-energy extensions of the SM is a re-
alization with restored symmetry between the left and right sectors employing the gauge group
SU(2)L × SU(2)R × U(1)B−L [1–4]. Such a left-right symmetric model (LRSM) is then conven-
tionally broken down spontaneously to the electroweak part of the SM through the presence of
additional Higgs degrees of freedom. The pioneering papers on left-right symmetry assumed it to
be broken using scalar SU(2) doublets [2, 5]. However, since the discovery of neutrino oscillations it
is the scenario with scalar SU(2) triplets [6–8] that has received significant attention, primarily due
to the embedded seesaw mechanism1 [11–14]. An additional attractive feature of LRSMs as such
is the fact that they can be naturally embedded in an SO(10)-based grand unified theory [15, 16].
Broader studies of SO(10) unification scenarios with left-right symmetric intermediate breaking
scale can be found e.g. in Refs. [17, 18].

The LRSM incorporating scalar triplets has been widely investigated in the context of present
and near-future collider studies, e.g. [19–21], which can probe the left-right symmetry breaking
scale only up to O(10 TeV). Indeed, the current null results from the LHC exclude the presence of
LRSM at such energies, but in order to go beyond, i.e. to significantly higher energies, it is necessary
to consider a complementary probe, which is the problem addressed in this paper. Specifically,
we study whether the model in question can be successfully tested via the search for a stochastic
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1 Left-right symmetric models with doublets allow for the generation of neutrino mass at tree-level [9] as well as at

the quantum level [10]; however, an extended scalar or fermion sector is then required.

ar
X

iv
:1

90
9.

02
01

8v
1 

 [
he

p-
ph

] 
 4

 S
ep

 2
01

9

mailto:vbrdar@mpi-hd.mpg.de
mailto:lukas.graf@mpi-hd.mpg.de
mailto:alexander.helmboldt@mpi-hd.mpg.de
mailto:xunjie.xu@mpi-hd.mpg.de


2

gravitational wave background arising from a first-order cosmic phase transition [22–27]. While in
the minimal SM neither the electroweak, nor the QCD phase transition is of first-order [28–32],
beyond-the-Standard Model (BSM) theories offer such a possibility. Correspondingly, there exists
a large number of studies on gravitational waves induced by cosmic phase transitions in theories
addressing various problems of BSM physics, such as neutrino masses [33–35] or dark and hidden
sectors, e.g. [36–42]. In particular, extended Higgs sectors, such as the one present in LRSMs,
can yield a first-order phase transition. One possiblity is that a newly introduced scalar acquires a
non-vanishing vacuum expectation value (VEV) in a first-order phase transition. Another option is
that the electroweak phase transition becomes of first order due to the presence of additional terms
in the scalar potential. In this paper we study the former realization, namely we investigate the
conditions under which the breaking of SU(2)R×U(1)B−L occurs via a first-order phase transition.
While we do not consider the latter possibility, we refer the interested reader to Refs. [43, 44]
where the nature of the electroweak phase transition in a LRSM was examined with the purpose
of estimating the amount of baryon asymmetry produced through electroweak baryogenesis. We
also wish to note the existence of another study where the phase transition was analyzed and the
gravitational wave signature in the left-right symmetric model with triplets was presented for an
unconventional symmetry breaking sequence [45]. In this work we present a more complete study,
in which all the relevant ingredients in the temperature-dependent thermal potential are included
and the analysis is independent of the existence of flat directions.

By performing a general scan over the model’s parameter space, we find that the left-right
breaking phase transition is of first order quite frequently. The amplitude of the produced gravi-
tational wave spectrum then typically turns out to be too small for a successful detection at both
space-based and ground-based gravitational wave observatories. However, more thorough scans,
performed after a dedicated investigation of correlations between parameters in the potential, un-
raveled that in a certain parameter subspace the strength of the gravitational wave signal can
enhance drastically, entering the sensitivity region of planned space-based interferometers such as
LISA [46], DECIGO [47] and BBO [48].

The subsequent text is organized as follows. In Section II we present the considered scenario
at tree-level, while in Section III the temperature dependent effective potential is introduced.
Section IV then details the method used for finding viable parameter points and introduces those
that are further investigated in the context of phase transition. In Section V we analyze the
phase transition properties with the goal to extract the relevant parameters required for estimating
gravitational wave signature. The calculated gravitational wave spectra are presented in Section VI,
where we also make a comparison with the sensitivities of the future space-based detectors. Finally,
we conclude in Section VII.

II. THE MINIMAL LEFT-RIGHT SYMMETRIC MODEL

The key feature of a minimal LRSM is the restoration of the left-right discrete symmetry at a
certain high-energy scale vR set by the vacuum expectation value (VEV) of a right-handed scalar
field. Hence, the corresponding Lagrangian is left-right symmetric and the V −A structure of the
SM physics is only obtained after spontaneous left-right symmetry breaking. The fermionic particle
content of the LRSM can therefore be obtained by a straightforward left-right symmetric extension
of the SM content, i.e. the right-handed fermion doublets2, `iR ≡ {1,1,2,−1} andQiR ≡ {1,1,2,

1
3},

are introduced as

`iL =

(
νiL
eiL

)
L-R←−→

(
νiR
eiR

)
= `iR , (1)

2 Here, the representations are labeled in the usual way in the order {SU(3)C , SU(2)L, SU(2)R, U(1)B−L}.
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QiL =

(
uiL
diL

)
L-R←−→

(
uiR
diR

)
= QiR . (2)

The presence of the right-handed neutrino partners not only allows for the type-I seesaw mechanism,
but it is also essential for cancellation of the B − L gauge anomaly, as can be verified using the
left-right symmetric definition of electric charge

Q = T3L + T3R +
B − L

2
, (3)

where T3 stands for the third component of weak isospin.
Given the gauge group of LRSMs their gauge sector incorporates a right-handed triplet Wµa

R ≡
{1,1,3, 0}, a left-handed triplet Wµa

L ≡ {1,3,1, 0} and a singlet Bµ ≡ {1,1,1, 0}. The right-
handed vector bosons become massive after left-right symmetry breaking, and thus are typically
expected to be much heavier than the SU(2)L vector bosons.

As mentioned above, the Higgs sector of LRSMs can vary. The minimal breaking scenarios
typically include a scalar bi-doublet Φ ≡ {1,2,2, 0} incorporating the SM Higgs and a pair of either
triplets ∆L ≡ {1,3,1,−2}, ∆R ≡ {1,1,3,−2}, or doublets χL ≡ {1,2,1,−1}, χR ≡ {1,1,2,−1},
which breaks the left-right gauge group down to that of the SM. In fact, the right-handed scalar
(either triplet, or doublet) is enough to do so, but inclusion of its left-handed counterpart ensures
that the left-right symmetry is preserved (this is sometimes referred to as “manifest left-right
symmetry”), and thus the SU(2)L and SU(2)R gauge couplings are equal: gL = gR ≡ g.

As reasoned in the introduction, we focus in this work on a minimal LRSM with a Higgs sector
containing the triplet scalar representations on top of the bidoublet. Conventionally, they can be
represented in the following matrix form

Φ =

(
φ0

1 φ+
1

φ−2 φ0
2

)
, ∆L =

(
1√
2
δ+
L δ++

L

δ0
L − 1√

2
δ+
L

)
, ∆R =

(
1√
2
δ+
R δ++

R

δ0
R − 1√

2
δ+
R

)
, (4)

so that they transform as

SU(2)L × SU(2)R : Φ→ ULΦU †R , ∆L → UL∆LU
†
L , ∆R → UR∆RU

†
R , (5)

U(1)B−L : Φ→ Φ , ∆L → ei2θ∆L , ∆R → ei2θ∆R , (6)

for general symmetry transformations: UL ∈ SU(2)L, UR ∈ SU(2)R, and eiθ ∈ U(1)B−L.
Let us now specify the interactions, which will be important for the investigation of the left-right

phase transition within the considered minimal LRSM. The scalar gauge-kinetic terms describing
the interaction between scalars and gauge bosons read

Lgauge = Tr
[
(Dµ∆L)†(Dµ∆L)

]
+ Tr

[
(Dµ∆R)†(Dµ∆R)

]
+ Tr

[
(DµΦ)†(DµΦ)

]
, (7)

where the gauge-covariant derivatives acting on the scalar multiplets have the usual form

Dµ∆ = ∂µ∆− ig[W a
µτ

a,∆]− igB−LBµ∆ , (8)

DµΦ = ∂µΦ− ig
(
W a
Lµτ

aΦ− ΦW a
Rµτ

a
)
. (9)

Here, τa = σa/2 are the generators of SU(2) and σa are the Pauli matrices.
Given the scalar sector of our LRSM, one can write down Yukawa terms involving either the

bi-doublet, or the triplets. The former option, which reproduces the SM Yukawa terms after the
left-right symmetry breaking, is given by

LYukawa ⊇ QLi(yijΦ + ỹijΦ̃)QRj + h.c. , (10)
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where Φ̃ ≡ σ2Φ∗σ2 and i, j are quark generation indices running from 1 to 3. Since we always
consider the case κ2 � κ1 ' vEW, it is sufficient to assume y = diag(0, 0, yt) and ỹ = 0. The
Lagrangian then reduces to

LYukawa ⊇ yt(QL3ΦQR3 +QR3Φ†QL3) , (11)

where QL3 = (tL, bL)ᵀ and QR3 = (tR, bR)ᵀ.
The Yukawa terms involving the scalar triplets read

LYukawa ⊇ −Y ij
M

[
`cLiiσ2∆L`Lj + (L↔ R)

]
+ h.c. , (12)

where we again sum over all three generations. For the sake of simplicity, we will assume that the
matrix of Majorana Yukawa couplings has the structure

Y ij
M = yMδ

ij . (13)

with an O(1) real coupling yM . Hence, it is sufficient to investigate the interactions for one fermion
generation and then multiply all diagrams containing lepton loops with the number of generations
Ng = 3. Also, since the terms involving the left- and the right-handed triplet are structurally
identical, it suffices to concentrate on the left sector. In summary, we consider the terms

LYukawa ⊇ −yM`cLiσ2∆L`L + yM`L∆†Liσ2`
c
L + (L↔ R) . (14)

The full scalar tree-level potential including all renormalizable terms that can be built out of
the given particle content and that are allowed by the gauge symmetry reads

Vtree = VΦ + V∆ + VΦ∆ , (15)

where

VΦ = − µ2
1Tr[Φ†Φ]− µ2

2(Tr[Φ̃Φ†] + Tr[Φ̃†Φ])− µ2
3(Tr[∆L∆†L] + Tr[∆R∆†R]) + λ1Tr[Φ†Φ]2

+ λ2

(
Tr[Φ̃Φ†]2 + Tr[Φ̃†Φ]2

)
+ λ3Tr[Φ̃Φ†]Tr[Φ̃†Φ] + λ4Tr[Φ†Φ](Tr[Φ̃Φ†] + Tr[Φ̃†Φ]) ,

V∆ = ρ1

(
Tr[∆L∆†L]2 + Tr[∆R∆†R]2

)
+ ρ2(Tr[∆L∆L]Tr[∆†L∆†L] + Tr[∆R∆R]Tr[∆†R∆†R])

+ ρ3Tr[∆L∆†L]Tr[∆R∆†R] + ρ4(Tr[∆L∆L]Tr[∆†R∆†R] + Tr[∆†L∆†L]Tr[∆R∆R]) ,

VΦ∆ = α1Tr[Φ†Φ](Tr[∆L∆†L] + Tr[∆R∆†R]) + α3(Tr[ΦΦ†∆L∆†L] + Tr[Φ†Φ∆R∆†R])

+ α2(Tr[∆L∆†L]Tr[Φ̃Φ†] + Tr[∆R∆†R]Tr[Φ̃†Φ] + h.c.)

+ β1(Tr[Φ∆RΦ†∆†L] + Tr[Φ†∆LΦ∆†R]) + β2(Tr[Φ̃∆RΦ†∆†L] + Tr[Φ̃†∆LΦ∆†R])

+ β3(Tr[Φ∆RΦ̃†∆†L] + Tr[Φ†∆LΦ̃∆†R]) , (16)

with Φ̃ ≡ σ2Φ∗σ2. All the couplings are assumed to be real for simplicity3. The Higgses appearing
in a viable LRSM scalar potential are expected to acquire the following vacuum expectation values
(VEVs)

〈Φ〉 =
1√
2

(
κ1 0
0 κ2e

iθ2

)
, 〈∆L〉 =

1√
2

(
0 0

vLe
iθL 0

)
, 〈∆R〉 =

1√
2

(
0 0
vR 0

)
. (17)

3 In principle, some couplings such as α2 and λ4 could be complex. However, this depends on whether the C-parity or
the P-parity is introduced in the model. The assumption of real couplings can be compatible with both scenarios.
For more details, see Eq. (9) and Eq. (10) in Ref. [6], where the differences have been addressed.
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However, this is not guaranteed for general values of the couplings in Eq. (16). As it has been
studied in Ref. [49], only a part of the full parameter space is able to get such VEVs. We will
adopt the numerical method of Ref. [49] to identify the part of parameter space where Eq. (17) is
a global minimum of the potential. The technical details will be explained in Section IV.

In the LRSM, the bidoublet VEVs are expected to be at the electroweak scale√
κ2

1 + κ2
2 = v ≈ 246 GeV . (18)

For later use, we also introduce the tanβ parameter, defined as

tanβ =
κ2

κ1
. (19)

The triplet VEVs should be either much higher (vR) or much lower (vL) than the the electroweak
scale. They are connected to κ1 and κ2 by the well-known seesaw relation of VEVs [7]

β1κ1κ2 cos (θ2 − θL) + β2κ
2
1 cos θL + β3κ

2
2 cos (2θ2 − θL) = (2ρ1 − ρ3)vLvR , (20)

which can be derived from the equations of vanishing first-order derivatives. Therefore, if β1, β2,
and β3 are set to zero, then vL will be zero and vR can be arbitrarily high. In this case, light
neutrino masses are generated only by type-I seesaw. For simplicity, throughout this paper we
always keep β1 = β2 = β3 = 0, and consequently vL = 0. In addition, we also set θ2 = 0, which
can be justified using the conclusion that spontaneous CP symmetry breaking does not appear for
a considerably large part of the parameter space according to the numerical study in [49].

In summary, in this paper with the assumptions that all the potential parameters are real and
β1 = β2 = β3 = 0, we only consider the following viable VEV alignments:

〈Φ〉 =
1√
2

(
κ1 0
0 κ2

)
, 〈∆L〉 = 0 , 〈∆R〉 =

1√
2

(
0 0
vR 0

)
. (21)

Then the potential at the minimum is

Vmin = −1

2
µ2

1

(
κ2

1 + κ2
2

)
− 2µ2

2κ1κ2 −
1

2
µ2

3v
2
R

+
1

4
λ1

(
κ2

1 + κ2
2

)
2 + 2λ2κ

2
1κ

2
2 + λ3κ

2
1κ

2
2 + λ4

(
κ3

1κ2 + κ1κ
3
2

)
+

1

4
v4
Rρ1

+
1

4
α1

(
v2
Rκ

2
1 + v2

Rκ
2
2

)
+ α2v

2
R κ1κ2 +

1

4
α3v

2
Rκ

2
2 . (22)

From ∂Vmin/∂κ1 = ∂Vmin/∂κ2 = ∂Vmin/∂vR = 0, one can obtain

µ2
1 = λ1

(
κ2

1 + κ2
2

)
+ 2κ1κ2λ4 +

1

2
v2
Rα1 −

α3

2

v2
R κ2

2

κ2
1 − κ2

2

, (23a)

µ2
2 = (2λ2 + λ3)κ1κ2 +

λ4

2

(
κ2

1 + κ2
2

)
+
α2

2
v2
R +

α3

4

v2
Rκ1κ2

κ2
1 − κ2

2

, (23b)

µ2
3 = ρ1v

2
R +

1

2
α1

(
κ2

1 + κ2
2

)
+ 2α2κ1κ2 +

1

2
α3κ

2
2 , (23c)

which will be used to determine the quadratic couplings from the VEVs and quartic couplings.
As we concentrate on LRSMs with a left-right symmetry breaking scale well beyond the reach

of current collider searches, we will assume in the following that vR � κ1, κ2. Hence, we will be
primarily interested in evaluating the effective potential in regions of scalar field space, where the
neutral component δ0

R of the right-handed triplet attains much larger absolute values than the
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remaining neutral fields φ0
1, φ0

2 and δ0
L. It is therefore well justified to approximately regard the

effective potential as a function of only a single field, namely of the real part of δ0
r . Specifically,

the tree-level potential in Eq. (22) can then be simplified to the expression

V0(r) = −1
2µ

2
3r

2 + 1
4ρ1r

4 with r := Re δ0
R/
√

2 , (24)

which is used for our further calculations.

III. FINITE-TEMPERATURE EFFECTIVE POTENTIAL

In order to study the left-right phase transition we need to go to the quantum level and construct
the effective potential corresponding to the above defined model. The one-loop daisy-improved
finite-temperature effective potential as a function of r and temperature T can be written as

Veff(r, T ) = V0(r) + VCW(r) + VFT(r, T ) + VD(r, T ) . (25)

Here, V0(r) is the tree-level potential from Eq. (24). The temperature-independent Coleman-
Weinberg effective potential VCW in the MS scheme and the Landau gauge is given by

VCW(r) =
1

64π2

[∑
i

m4
i (r)

(
log

m2
i (r)

µ2
− 3

2

)
+ 6m4

WR
(r)

(
log

m2
WR

(r)

µ2
− 5

6

)

+ 3m4
ZR

(r)

(
log

m2
ZR

(r)

µ2
− 5

6

)
− 6m4

νR
(r)

(
log

m2
νR

(r)

µ2
− 3

2

)]
, (26)

where the sum in the first term in the square brackets runs over the scalar spectrum of our model,
while the other terms correspond to the gauge bosons and the right-handed neutrino. All the
field-dependent tree-level masses mi are given in Appendix A. The MS renormalization scale µ is
in our later calculations set to the value of vR.

The thermal effective potential VFT reads

VFT(r, T ) =
T 4

2π2

[∑
i

JB

(
m2
i (r)

T 2

)
+ 6JB

(
m2
WR

(r)

T 2

)
+ 3JB

(
m2
ZR

(r)

T 2

)
− 6JF

(
m2
νR

(r)

T 2

)]
. (27)

Here, the thermal functions JB and JF for bosons and fermions, respectively, are defined as

JB/F(r2) =

∫ ∞
0

dxx2 log
(

1± e
√
x2+r2

)
. (28)

The last term in Eq. 25 stands for the resummed daisy diagrams representing the leading infrared
divergent higher-loop contributions. This part of the effective potential is given by

VD(r, T ) = − T

12π

∑
i

[
M3
i (r)−m3

i (r)

]
, (29)

where M2
i (r) are the thermal masses obtained as the eigenvalues of the matrix M2

i (r) + Πi(r, T )
with M2

i (r) being the tree-level mass matrices discussed in Appendix A and Πi(r, T ) standing for
the matrices of thermal self-energies provided explicitly in Appendix B. The sum runs over all the
bosons present in the studied LRSM.
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IV. GENERATING SUCCESSFUL SCENARIOS

To facilitate the later study of phase transitions, it is necessary to create some benchmarks with
all the potential parameters numerically given. We shall choose the values of potential parameters
in such a way that both theoretical and phenomenological requirements are satisfied, including:

1. The potential at the tree level is bounded from below (BFB);

2. The potential has a global minimum with the predefined VEVs;

3. The VEVs satisfy: v ≈ 246 GeV and vR & 104 GeV (to make W±R sufficiently heavy and
thus satisfy the LHC bounds);

4. The physical spectrum contains a scalar with mass mh ≈ 125 GeV and the properties of the
SM Higgs boson; all the other bosons (except for the six Goldstone bosons) have masses at
the same order as vR.

The first two requirements are purely theoretical. So far there has been no straightforward
analytical procedure that can be used to thoroughly infer whether a given sufficiently complicated
potential can fully satisfy the BFB and global minimum requirements. Thus we need to adopt a
numerical method (which will be described shortly afterwards) to check the BFB condition and
to search for global minima of the potential. During random generation of numerical samples, to
improve the chance of obtaining BFB potentials, we assume all quartic couplings are non-negative.

The third requirement can be met by taking v, vR, and tanβ as input parameters and using
Eqs. (23a), (23b), and (23c) to determine µ2

1, µ2
2 and µ2

3. The last requirement can be simplified if
α1 = 0 and tanβ is small. In this limit, the full SM Higgs mass

m2
h =

v2

2ρ1

[
4λ1ρ1 − α2

1 + cβsβ (−8α1α2 + 16λ4ρ1)

− 2s2
β

(
8α2

2 + α1α3 − 8 (2λ2 + λ3) ρ1

)
− 8cβs

3
βα2α3

+s4
β

(
16α2

2 − α2
3 − 16 (2λ2 + λ3) ρ1

)]
+O(v4) (30)

can be approximated as m2
h ≈ 2λ1v

2, which requires λ1 ≈ 1
2m

2
h/v

2 ≈ 0.13.
Combining the above requirements together, we scan the following parameter space:

v = 246 GeV, vR = 104 GeV, tanβ = tan 10−3, (31a)

λ1 = 0.13, λ2 = 0, λ3 ∈ [0, 2], λ4 = 0, (31b)

ρ1 ∈ [0, 0.5], ρ2 ∈ [0, 2], ρ3 ∈ [1, 2], ρ4 = 0, (31c)

α1 = 0, α2 ∈ [0, 0.5], α3 ∈ [0, 1], (31d)

β1 = β2 = β3 = 0. (31e)

Here some quartic couplings are set to zero to simplify the potential and the analysis. Note that we
should keep sufficiently many quartic couplings nonzero to meet the four requirements mentioned
above. For example, αi and βi (i = 1, 2, 3) cannot be zero simultaneously, otherwise the potential
would have more massless eigenstates. In addition, ρ1 and ρ3 in Eq. (31c) are set in such a way
that ρ3 is always larger than 2ρ1, which increases the probability of obtaining successful samples
in random generation.

Within the parameter space specified by Eqs. (31a) to (31e), we randomly generate 100 samples.
Because for each sample all the potential parameters in Eq. (16) are numerically given or deter-
mined, we can numerically minimize each scalar potential. In this work, we adopt Mathematica’s
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BP1 BP2 BP3 BP4

v/GeV 246 246 246 246

vR/GeV 104 106 104 104

tanβ 10−3 10−3 0 0

λ1 0.13 0.13 0.13 0.13

λ2 0 0 0 0

λ3 1.2040 0.88814 0.6 0.6

λ4 0 0 0 0

ρ1 0.13414 0.11146 0.001 0.002

ρ2 1.2613 1.4109 0.900218 0.4

ρ3 1.5140 1.5489 0.900215 0.4

ρ4 0 0 0 0.4

α1 0 0 0 0

α2 0.30246 0.15557 0 0

α3 0.10765 0.11185 1.14815 0.376385

β1, 2, 3 0 0 0 0

g 0.65 0.65 0.65 0.65

gB−L 0.4324 0.4324 0.4324 0.4324

yt 0.95 0.95 0.95 0.95

yM 1 1 0.78595 0.52422

TABLE I. Numerical values of the four selected benchmarks studied in this work.

built-in function NMinimize for numerical minimization. During the numerical process, if the po-
tential is not BFB, then the iterative processes of numerical minimization will be divergent, which
can be obviously detected.

To find the global minimum of the potential, we repeat the minimization several times, each
time with a different initial searching point for the iterative processes. This can be achieved by
setting the random seed of NMinimize. Among the minima obtained in the repetition, the deepest
one is expected to be the global minimum at a high confidence level. It should be noticed that due
to some discrete symmetries (e.g., the parity symmetry) the potential always has multiple global
minima with an equal depth. So in general, if a global minimum is obtained in this way, it may
be of a different form as Eq. (21). To solve this problem, we also minimize the potential V0 in
Eq. (22), with respect to κ1, κ2 and vR. If the minimum obtained in such way has the same depth
as the global minimum obtained in the general minimization process, then we label this sample as
a viable benchmark.

After the above numerical process, we obtain 74 viable samples from the 100 random samples.
To understand the effect of higher values of vR, we also generate another set of samples with the
same parameter setting as Eqs. (31a) to (31e) except for vR = 106 GeV. In this case, we obtain
82 viable samples. All these samples are further passed to the next step for the study of phase
transition and GW signals. Two of them are selected as benchmarks (BP1 and BP2) in our study,
and their numerical values are listed in Tab. I.

In Sec. V, we will demonstrate that in order to have significant GW signals, the potential should
have sufficiently small ρ1. Hinted by the correlation of the GW signals and ρ1, we shall inspect some
cases with small ρ1. When ρ1 is very small, however, the ρ1v

4
R term would be subdominant, leading
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to a more complicated scenario. For simplicity, we would like to maintain the ρ1v
4
R dominance in

the potential. Hence we choose ρ1 = 10−3 or 2 × 10−3 so that ρ1v
4
R should be dominant over the

λ1 term. In addition, we set tanβ = 0 and α1 = 0 so that all the α terms do not contribute to V0.

We should note that a tree-level shallow potential is usually vulnerable to the Coleman-Weinberg
correction. For instance, when the potential at the tree level leads to correct values of v and mh,
including the Coleman-Weinberg correction may drastically change these values. Technically, one
may consider two opposite solutions: the true VEVs are dominantly determined by the Coleman-
Weinberg potential, or they are dominantly determined by the tree-level potential. Since the
Coleman-Weinberg potential and the tree-level potential have some free parameters to tune, both
of the solutions can be achieved. The former would imply that the left-right gauge symmetry is
broken radiatively, which could be more involved. For simplicity, we adopt the latter, which means
the Coleman-Weinberg potential is tuned to be subdominant even though the tree-level potential
is already quite shallow. Such suppression of radiative contribution was already employed in [50]
and here we also make use of the Yukawa coupling to achieve tree-level dominance. In that spirit,
we generated another two benchmarks (BP3 and BP4), also listed in Tab. I, for which ρ1 is much
smaller than for BP1 and BP2 but the ρ1v

4
R dominance still holds and the Coleman-Weinberg term

is subdominant.

V. LEFT-RIGHT PHASE TRANSITION

Having thoroughly discussed zero-and finite-temperature aspects of the investigated model in
the previous sections, we are now interested in the question of how a parity-breaking vacuum,
vR 6= vL = 0, can spontaneously emerge from a symmetric high-temperature groundstate, vR =
vL = 0, in the early universe. The following section will therefore be devoted to an analysis of the
corresponding left-right-symmetry-breaking thermal phase transition.

In order to explore the theory’s phase structure, we use the finite-temperature effective potential
Veff which was introduced in Eq. (25) of Section III. Importantly, the global minimum of Veff

determines the model’s true groundstate vR(T ) for a given temperature T . In particular, following
vR(T ) from the left-right (LR) symmetric high-temperature phase to the parity-broken phase at
low temperatures allows us to distinguish first- and second-order transitions based on whether or
not two degenerate local minima appear at a certain critical temperature Tc, see also Fig. 1. Our
study of the multi-dimensional parameter space defined in Eq. (31) reveals that both types of
transitions generally exist.

As we are primarily interested in a possible gravitational wave signature from left-right symme-
try breaking, we will in the following concentrate on scenarios where the associated phase transition
is of first order. Such transitions are known to proceed via the nucleation of bubbles within which
the scalar fields have already attained the values of the true groundstate (here: vR 6= 0). Those
bubbles then grow inside an expanding universe that is still in the metastable phase (here: vR = 0).
The properties of a first-order transition are thus predominantly determined by two temperature-
dependent quantities: the bubble nucleation rate Γ, on the one hand, and the Hubble parameter
H, on the other hand. Following Refs. [22, 23, 51], we estimate the former as

Γ(T ) ' T 4

(
S3

2πT

)3
2

e−S3/T . (32)

Here, the three-dimensional Euclidean action S3 is to be understood as having been evaluated for
the O(3)-symmetric tunneling or bounce solution, which, in turn, is obtained by solving the scalar
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FIG. 1. Finite-temperature effective potential of Eq. (25) for two of the benchmarks of Table I. For each
parameter point we compare the potential at the critical temperature Tc (blue line) with that at the nu-
cleation temperature Tn < Tc (red line). The red circles indicate extrema of the potential. The existence
of two degenerate local minima at Tc implies that the LR-breaking phase transition is of first order for the
considered points. For the actual values of Tn and Tc, we refer the reader to Table II in Section VI.

field’s equation of motion,

d2r

dx2
+

2

x

dr

dx
=

dVeff(r, T )

dr
, (33)

subject to the boundary conditions dr/dx = 0 at x = 0 and r → 0 as x→∞ with x denoting the
three-dimensional radial coordinate. In the further course of the present work, we will employ the
CosmoTransitions code [52] both to solve Eq. (33) and to compute the resulting Euclidean action
S3.

Next, the Hubble parameter is given via Friedmann’s equation and can be expressed in terms
of the universe’s radiation and vacuum energy densities ρrad and ρvac, respectively

H(T )2 =
ρrad(T ) + ρvac(T )

3M2
Pl

=
1

3M2
Pl

(
π2

30
g∗T

4 + ∆V (T )

)
. (34)

In the above equation, g∗ = 134 denotes the effective number of relativistic degrees of freedom in the
left-right symmetric model under investigation. Besides, MPl = 2.435× 1018 GeV is the reduced
Planck mass. The vacuum energy density is calculated as the potential difference between the
local minimum at r = 0 and the global one at r = vR(T ), i.e. ∆V (T ) := Veff(0, T )− Veff(vR(T ), T ).
Note that the vacuum contribution to the H is only expected to be relevant in the case of phase
transitions with a considerable amount of supercooling.

Once both the bubble nucleation rate and the Hubble parameter are known, it is straightforward
to compute the so-called nucleation temperature Tn. It is defined as the temperature where one
bubble per horizon volume is created on average, namely∫ Tc

Tn

dT

T

Γ(T )

H(T )4

!
= 1 . (35)

As such, Tn is a measure for the temperature at which the phase transition actually occurs and
thus crucially influences the associated gravitational wave spectrum, in particular the position of
its peak frequency (cf. Eqs. (44) and (46) in the next section).
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Given the nucleation temperature, we can now go on to determine two further phenomenologi-
cally important parameters. First, a measure for the phase transition’s strength is provided by the
energy released during the transition normalized to the universe’s radiation energy density, more
precisely (see e.g. [53])

α =
1

ρrad(Tn)

(
∆V (Tn)− Tn

4

∂∆V (T )

∂T

∣∣∣∣
T=Tn

)
, (36)

where ∆V was defined below Eq. (34). Second, the transition’s inverse duration β is obtained via

β = H(Tn)Tn ·
d(S3/T )

dT

∣∣∣∣
T=Tn

. (37)

In order to make sure that the use of the above definition of β is justified, we follow Ref. [54] and
additionally check whether the quantity

β′
2

:=
1

2
H(Tn)2T 2

n ·
d2(S3/T )

dT 2

∣∣∣∣
T=Tn

(38)

is always small compared to β. Indeed, we find that β � β′ (as well as β/H � 1) for all investigated
points. Just as the nucleation temperature, the quantities α and β are vital to determine the
gravitational wave signal and are listed in Table II for our benchmark points of Table I.

As exemplified by the results for our benchmarks BP1 and BP2, a generic4 parameter point of the
considered left-right symmetric model predicts a relatively fast (large β), but weak (small α) LR-
breaking phase transition. The gravitational wave spectrum associated with such a transition turns
out to be out of reach of any current or proposed observatory, see Section VI. Still, it is worthwhile to
investigate whether there is some part of the multi-dimensional parameter space defined in Eq. (31)
which is more promising in terms of PT strength – and thus GW signal amplitude – than others.
Since calculating α for a large number of benchmark points is computationally expensive, we employ
an alternative measure to quantify the transition’s strength for this purpose, namely the non-trivial
VEV at the critical temperature normalized by the latter, vc/Tc, where we abbreviated vc := vR(Tc).
In Fig. 2 we show vc/Tc for our benchmark points in particularly interesting two-dimensional
projections of the full parameter space. As is clearly visible strong phase transitions with vc/Tc ≥ 1
only occur for sufficiently small ρ1 irrespective of the other couplings’ values. Investigating all
possible parameter combinations in an analogous manner, we did not find any similarly significant
correlation between the PT strength and a (dimensionless) coupling other than ρ1. In total, this
motivates our choice of ρ1 = O(10−3) for our benchmarks BP3 and BP4, cf. Table I.

From a physics perspective the importance of small ρ1 to facilitate strong LR-breaking phase
transitions can be understood by starting with the observation that it is ρ1 which crucially shapes
the model’s tree-level potential in the r field direction, cf. Eq. (24). On the one hand, it governs
the size of the quartic term. On the other hand, and more importantly, it also sets the size of the
triplet mass term µ2

3. More precisely, for a fixed value of vR, the tadpole equation (23c) entails the
following implication

ρ1 � 1 =⇒ µ3 � vR . (39)

In other words, choosing ρ1 to be small brings the model’s r sector near its classically scale-invariant
limit µ3/vR → 0. Now, it is well-known that phase transitions in theories based on nearly conformal
dynamics are typically strong and of first order [54, 55], which explains the importance of the ρ1

coupling for the strength of the gravitational wave signal.

4 In the sense that none of the non-zero, dimensionless couplings is particularly small, cf. Eq. (31).
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FIG. 2. Strength of the LR-breaking phase transition as measured by the ratio vc/Tc with vc := vR(Tc).
The randomly generated parameter points are displayed in two-dimensional projections of the full parameter
space defined in Eq. (31). The strongest transitions correspond to the green data points.

VI. GRAVITATIONAL WAVE SIGNATURE

Following the detailed description of the model and the analysis of the phase transition, we are
now fully equipped to discuss the main results of this work and finally present the gravitational
wave signature associated with the left-right symmetry breaking first-order phase transition. The
prerequisite for gravitational wave production is spherical symmetry breaking of the bubbles that
contain a true vacuum. This is what occurs in their collisions and there are generally three distinct
sources for gravitational wave production: collisions of bubble shells [56], sound waves [57] and
magnetohydrodynamic turbulence [58] in the plasma. For all of our benchmark points we compared
α with α∞ parameter (defined in Eq. (25) of [46]) and found that the latter is always larger by
at least a factor of few. This implies that nucleated bubbles expand in what is usually referred to
as a “non-runaway” scenario [46]. In such case only the contributions from the sound waves and
magnetohydrodynamic turbulence in the plasma can induce relevant gravitation wave signature.
Hence, the total gravitational wave strength can be written as the sum of these two components

ΩGWh
2 ' Ωsw h

2 + Ωturb h
2 , (40)

where

Ωswh
2 = 2.65 · 10−6

(
H

β

)(
κv α

1 + α

)2(100

g∗

)1/3

vw

(
f

fsw

)3( 7

4 + 3 (f/fsw)2

)7/2

, (41)

is the contribution arising from sound waves and

Ωturbh
2 = 3.35 · 10−4

(
H

β

)(
κturb α

1 + α

)3/2(100

g∗

)1/3

vw

(
f

fturb

)3 1[
1 + (f/fturb)

]11/3
(1 + 8πf/h∗)

,

(42)

stems from magnetohydrodynamic turbulence. In Eq. (41), κv represents the efficiency for the
conversion of latent heat into the bulk motion which yields [46]

κv = α
(
0.73 + 0.083

√
α+ α

)−1
, (43)
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for the assumed bubble wall velocity of vw = 1. The peak frequency of the sound wave contribution,
fsw, equals

fsw = 1.9 · 10−5 v−1
w

(
β

H

)(
Tn

100 GeV

)( g∗
100

)1/6
Hz . (44)

In Eq. (42),

h∗ = 16.5 · 10−6

(
Tn

100 GeV

)( g∗
100

)1/6
Hz , (45)

κturb = 0.05κv [46] and the peak frequency is

fturb = 2.7 · 10−5 v−1
w

(
β

H

)(
Tn

100 GeV

)( g∗
100

)1/6
Hz . (46)

Note that the previously introduced parameters α, β and Tn also enter in the expression for the
gravitational wave spectrum (in addition, α also contributes indirectly through κv and κturb). The
values of these parameters for the four considered benchmark points are given in Table II.

In Fig. 3 we show the gravitational wave spectra for all of our benchmark points and confront
them with the sensitivities of several future space-based detectors. According to the shown spectra,
BP1 and BP2 (benchmark points arising from the general scan without particularly small ρ1) are
beyond the reach of all considered experiments. For these two points, the strength of produced
gravitational waves surpasses the maximal sensitivity reach of ULTIMATE DECIGO; however, due
to large β (see Table II), the peak frequency exhibits a shift to the region in which none of the
considered detectors operate. Following the identification of the correlation between parameters in
the scalar potential with respect to the strength of phase transition (see again Fig. 2), our more
refined parameter scan identified BP3 and BP4 for which, as obvious from Fig. 3, the testability
is guaranteed. For BP3 and BP4, the parameters of the scalar potential yield a tree-level value of
vR = 10 TeV. As discussed in the previous sections, we tune the right-handed neutrino Yukawa
coupling yM in order to attain the same value at the radiative level. Generally, it is not a problem if
radiative effects significantly contribute to the potential and alter the tree-level vacuum structure.
However, in order to simplify our numerical treatment, we have imposed dominance of the tree-
level potential (cf. also the discussion at the end of Section IV). Let us stress that we explicitly
checked that similarly strong GW signals can likewise arise in situations where still ρ1 . O(10−3),
but where yM is no longer tuned to maintain a given tree-level vacuum also at loop level. The
left-right breaking scale is then predominantly set by the Coleman-Weinberg potential so that the
reliability of benchmark points obtained from tree-level calculations must be called into question.
Still, it serves to demonstrate that the occurrence of a strong gravitational wave signal depends on
the smallness of ρ1 rather than on a particularly tuned value of yM .

α β/H Tn [GeV] Tc [GeV]

BP1 0.0035 4007 5896 6216

BP2 0.0034 3458 5.754× 105 6.063× 105

BP3 0.46 626.2 608.3 9451

BP4 0.17 1433 897.3 1468

TABLE II. Values of α, β/H, Tn and Tc for the benchmark points considered in this work.
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FIG. 3. Stochastic gravitational wave spectra for the benchmark points given in Table I. We also show the
sensitivity curves of LISA [46], BBO [48] and three stages of the DECIGO experiment [47, 59]. The power-
law integrated sensitivity curves [60] are calculated assuming a runtime of tobs = 5 years and threshold
SNR equal to 10 for a number of forthcoming space-based detectors. As is evident from the figure, the
gravitational wave spectra for BP3 and BP4 intersect several sensitivity curves which indicates that such
experiments would either lead to the discovery or successfully exclude these benchmark points.

From Fig. 3 one can also infer, for BP3 and BP4, the change of the frequency dependence of
the spectrum at around 10−100 Hz. This is the region in which the sound wave contribution, that
is dominant at smaller frequencies, becomes suppressed with respect to the component stemming
from magnetohydrodynamical turbulence in the plasma. This can also be inferred analytically
from Eqs. (41) and (42) from where it is obvious that the sound wave contribution decreases more
strongly at larger frequencies. Namely, for the contribution from sound waves (magnetohydrody-
namic turbulence) we have Ωswh

2 ∝ f−4 (Ωturbh
2 ∝ f−5/3) in the limit f →∞.

In order to provide more quantitative information on the potential for discovering gravitational
waves in the considered left-right symmetric model we define the signal-to-noise ratio (SNR) [60]

SNR =

√
2tobs

∫ fmax

fmin

df

[
ΩGW(f)h2

Ωnoise(f)h2

]2

. (47)

Here, tobs is the runtime of a given experiment in seconds, Ωnoiseh
2 is the effective strain noise power

spectral density [61] and the integral goes in the range of frequencies (fmin, fmax) in which a given



15

experiment is sensitive. Note also that for single-detector configurations (LISA and B-DECIGO)
the
√

2 from Eq. (47) should be dropped. Various experiments report different threshold values
of SNR for which a detection is guaranteed (see [34] and references therein) and typically values
between 5 and 10 are reported, the latter being a conservative estimate. For BP1 and BP2 clearly
SNR values for all experiments are lower than 1. BP3 and BP4 offer a much more promising
discovery potential: for both of these benchmark points, SNR exceeds 104 for FP-DECIGO, BBO
and ULTIMATE DECIGO experiments. In addition, B-DECIGO would also lead to a successful
discovery since SNR for BP3 (BP4) is 672.70 (49.42). At the moment, among all the proposed
space-based detectors, LISA is most mature and is expected to launch in 2034. LISA will not
be sensitive to gravitational wave spectra associated to BP4, but, for BP3, SNR value of 11.76 is
obtained. This clearly indicates that this parameter point will be probed.

In summary, we have demonstrated in the framework of the considered left-right model, that
gravitational wave detectors will in the near future serve as a powerful complementary probe to the
existing terrestrial searches. We have shown this explicitly by presenting benchmark points which
are testable at forthcoming space-based detectors such as LISA, but beyond the reach of LHC.

VII. SUMMARY AND CONCLUSIONS

In the present work we studied the observational prospects for gravitational waves in the framework
of the minimal left-right symmetric model with scalar triplets. We found that the parity-breaking
phase transition associated with SU(2)L × SU(2)R × U(1)B−L → SU(2)L × U(1)Y is of first
order in a vast portion of parameter space and may therefore indeed result in the production
of a stochastic gravitational wave background. However, it turns out that the amplitude of the
predicted spectrum is typically too small to be probed at any of the currently proposed space-based
experiments. Nevertheless, a thorough investigation of the model’s parameter space revealed that
there exists a systematic correlation between one of the couplings in the scalar potential (namely
ρ1) and the strength of the generated gravitational wave signal. To be more precise, we found that
the left-right transition can produce sufficiently strong and thus testable signals, if one accepts a
moderate amount of parameter tuning reducing ρ1 to be of order 10−3. From a physics point of
view, the above-described behavior can be understood by realizing that the limit ρ1 → 0 entails
the development of a flat direction in the model’s tree-level potential along the right-handed scalar
triplet’s field axis. The observed correlation then follows from well-established results on theories
based on nearly conformal dynamics and classical scale invariance, namely that phase transitions
in such models are generically strong and of first order. On the downside, small values for ρ1 and
the resulting shallow tree-level potential lead to a technical difficulty: The scale vR of left-right
symmetry breaking usually changes substantially when going from the tree- to the one-loop order
thus calling into question the reliability of benchmark points obtained from tree-level calculations.
This issue can be circumvented by either determining benchmark points with full one-loop precision,
or by explicitly requiring the Coleman-Weinberg contribution not to change the tree-level vacuum.
For the sake of simplicity, we chose the latter option, which was achieved by employing mild fine-
tuning of the right-handed neutrino Yukawa coupling. However, we argued that the appearance
of a strong gravitational wave signal depends on the smallness of ρ1 rather than on a particularly
tuned form of the Coleman-Weinberg potential.

In the near future, gravitational wave searches will thus provide a novel and complementary
probe not only for the mechanism of left-right symmetry breaking, but also for the generation of
neutrino masses, which is embedded in the considered model. While searches at colliders have
limitations on the energies that can be tested, data from gravitational wave observatories may lead
to the discovery of left-right symmetry breaking at higher scales.
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Appendix A: Particle Mass Spectra

In this appendix we list the field-dependent tree-level mass-squared matrices and their correspond-
ing eigenvalues for the particle content of the considered left-right symmetric model in the limit of
large field values r = Re δ0

R/
√

2.

1. Scalars

In the assumed limit, the mass-squared matrix of the scalar bi-doublet Φ is block diagonal with
the same 2× 2 block repeated four times. Thus, it is fully characterized by the aforementioned
2× 2 matrix, which reads

M2
Φ(r) =

−µ2
1 + 1

2α1r
2 −2µ2

2 + α2r
2

−2µ2
2 + α2r

2 −µ2
1 + 1

2(α1 + α3)r2

 , (A1)

with the eigenvalues

m2
Φ(r) =

1

2
α1r

2 ± 1

4

√
16α2

2r
4 − 64α2µ2

2r
2 + α2

3r
4 + 64µ4

2 + α3r
2 − 4µ2

1 , (A2)

each of which has a multiplicity of four. Next, the left-handed triplet has a diagonal mass-squared
matrix with six equal eigenvalues of the form

m2
∆L

(r) = −µ2
3 + 1

2ρ3r
2 . (A3)

Lastly, in the case of the right-handed triplet, the mass-squared matrix is again diagonal; however,
there are three different eigenvalues. The first one,

m2(r) = −µ2
3 + 3ρ1r

2 , (A4)

appears only once and it corresponds to the neutral CP-even component. Next, there is a three
times degenerate eigenvalue

m2(r) = −µ2
3 + ρ1r

2 , (A5)

respective to the neutral CP-odd and singly-charged components. Finally, the last two eigenvalues
of the form

m2(r) = −µ2
3 + (ρ1 + 2ρ2)r2 (A6)

give the masses of the doubly-charged fields.
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2. Gauge Fields

On the one hand, the charged right-handed gauge bosons have the following field-dependent masses

m2
WR

(r) = 1
4g

2r2 . (A7)

On the other hand, the mass-squared matrix of neutral gauge bosons in the basis (W 3
L,W

3
R, B) and

again assuming large r reads

M2
neutral(r) =

r2

4


0 0 0

0 g2 −ggB−L

0 −ggB−L g2
B−L

 . (A8)

Two eigenvalues of the above mass-squared matrix are zero, the remaining one is given by

m2
ZR

(r) = 1
4(g2 + g2

B−L)r2 . (A9)

3. Fermions

The three right-handed neutrinos acquire the field-dependent mass

m2
νR

(r) = 2y2
Mr

2 . (A10)

In the limit of large r this is the only relevant fermionic mass that needs to be accounted for.

Appendix B: Thermal Self-Energies

Here, we list the bosonic thermal self-energies Πi needed to calculate the daisy improvement
of the finite-temperature effective potential in Eq. (29). They can be obtained as the leading
temperature-dependent self-energy contributions, which are proportional to T 2 [62]. The resulting
field-dependent thermal masses M2(r, T ) are then obtained as the eigenvalues of the sum of the
thermal self-energy matrices provided in the following and the tree-level mass-squared matrices as
specified in Eqs. (A1) and (A3) to (A8) of Appendix A.

1. Scalar Bosons

The thermal self-energies corresponding to the bi-doublet and the triplet scalars, respectively, can
be summarized in a compact way following the parametrization in Eq. (4) as

ΠΦ(T ) =
T 2

24

20λ1 + 8λ3 + 12α1 + 6α3 + 9g2 + 6y2
t 24(λ4 + α2)

24(λ4 + α2) 20λ1 + 8λ3 + 12α1 + 6α3 + 9g2 + 6y2
t

 ,

(B1)

Π∆(T ) =
T 2

12
(8ρ1 + 4ρ2 + 3ρ3 + 4α1 + 2α3 + 6g2 + 3g2

B−L + 6y2
M ) . (B2)

The above expressions incorporate contributions from scalars’ self-interactions as well as contribu-
tions induced by gauge fields and fermions. As argued in Sec. II, for our analysis it is enough to
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take into account only the third fermionic generation; hence, we include here only the contributions
from the top quark and the right-handed neutrino. As in the SM, the terms in Eq. (11) contribute
to the thermal self-energies of all (real) bi-doublet components as ΠΦ ⊇ y2

t T
2/4. The Yukawa

terms for the heavy right-handed neutrino in Eq. (14) then give the contribution to the thermal
self-energies of all (real) triplet components as Π∆ ⊇ y2

MT
2/2.

2. Gauge Bosons

As for the gauge fields, only their longitudinal components contribute to the daisy improvement in
Eq. (29). The thermal self-energy for the charged right-handed gauge bosons is

ΠL
WR

= 3
2g

2T 2 , (B3)

while the thermal self-energy matrix for the neutral gauge fields in the basis (W 3
L,W

3
R, B) is

ΠL
neutral =

T 2

6
diag

(
9 g2, 9 g2, 17 g2

B−L
)
. (B4)

[1] J. C. Pati and A. Salam, Lepton number as the fourth “color”, Phys. Rev. D 10 (1974) 275.
[2] G. Senjanovic and R. N. Mohapatra, Exact left-right symmetry and spontaneous violation of parity,

Phys. Rev. D 12 (1975) 1502.
[3] R. N. Mohapatra and J. C. Pati, Left-right gauge symmetry and an “isoconjugate” model of cp

violation, Phys. Rev. D 11 (1975) 566.
[4] R. N. Mohapatra and J. C. Pati, “Natural” left-right symmetry, Phys. Rev. D 11 (1975) 2558.
[5] R. N. Mohapatra and D. P. Sidhu, Gauge theories of weak interactions with left-right symmetry and

the structure of neutral currents, Phys. Rev. D 16 (1977) 2843.
[6] A. Maiezza, G. Senjanovic, and J. C. Vasquez, Higgs sector of the minimal left-right symmetric

theory, Phys. Rev. D95 (2017), no. 9 095004, [1612.09146].
[7] N. G. Deshpande, J. F. Gunion, B. Kayser, and F. I. Olness, Left-right symmetric electroweak models

with triplet Higgs, Phys. Rev. D44 (1991) 837–858.
[8] G. Senjanovic, Is leftright symmetry the key?, Mod. Phys. Lett. A32 (2017), no. 04 1730004,

[1610.04209].
[9] V. Brdar and A. Y. Smirnov, Low Scale Left-Right Symmetry and Naturally Small Neutrino Mass,

JHEP 02 (2019) 045, [1809.09115].
[10] P. Fileviez Perez, C. Murgui, and S. Ohmer, Simple Left-Right Theory: Lepton Number Violation at

the LHC, Phys. Rev. D94 (2016), no. 5 051701, [1607.00246].
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