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ABSTRACT: The left-right symmetric model (LRSM) is a well-motivated framework to re-
store parity and implement seesaw mechanisms for the tiny neutrino masses at or above the
TeV-scale, and has a very rich phenomenology at both the high-energy and high-precision
frontiers. In this paper we examine the phase transition and resultant gravitational waves
(GWs) in the minimal version of LRSM. Taking into account all the theoretical and ex-
perimental constraints on LRSM, we identify the parameter regions with strong first-order
phase transition and detectable GWs in the future experiments. It turns out in a sizeable
region of the parameter space, GWs can be generated in the phase transition with the
strength of 10717 to 1072 at the frequency of 0.1 to 10 Hz, which can be detected by BBO
and DECIGO. Furthermore, GWs in the LRSM favor a relatively light SU(2)z-breaking
scalar HY, which is largely complementary to the direct searches of a long-lived neutral
scalar at the high-energy colliders. It is found that the other heavy scalars and the right-
handed neutrinos in the LRSM also play an important part for GW signal production in
the phase transition.
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1 Introduction

The discovery of a Higgs boson at the Large Hadron Collider (LHC) heralds the completion
of the standard model (SM) [1, 2] and a great hope for the discovery of new physics.
Obviously, the completion of the SM naturally leads to the quest of microscopic structure
to its next section, which will be further searched by the LHC [3]. In the long list of
questions which might be the key to the next section, a few are interesting and crucial.
For example, what is the dynamics for the electroweak (EW) symmetry breaking, what
is the origin of mass of neutrinos [4], how are the parity and CP symmetries broken, and
what is nature of dark matter and dark energy [5], etc. To answer these questions has been
motivating various new physics models beyond the SM (BSM) at the TeV scale.

In the history of early universe, from the Planck time to today, phase transitions might
have occurred when the symmetries at different energy scales are broken. For example, the
symmetry breaking of grand unified theory (GUT) and supersymmetry (SUSY) breaking
can induce the corresponding phase transitions at the GUT scale and SUSY breaking
scale. For new physics beyond the SM, new dynamics and a larger symmetry are usually
introduced at the TeV region or a higher-energy scale. Such new physics models are of



special interests, as they might accommodate baryogenesis and thus explain the matter-
antimatter asymmetry observed in the universe [6-9]. Furthermore, some of the new physics
models are within the reach of the LHC and the future high-energy colliders, such as the
International Liear Collider (ILC) [10], Circular Electron-Positron Collider (CEPC) [11],
Future Circular collider (FCC-hh) [12] and Super Proton-Proton Collider (SPPC) [13].

First-order phase transition (FOPT) can fulfil one of the Sakharov’s conditions for
successful baryogenesis [14]. One of byproduct of strong FOPT is a sizeable production of
gravitational waves (GWs). The production of GWs include three physics processes [15]:
bubble collision [16-21], acoustic wave production [22-25], and chaotic magnetohydro-
dynamic (MHD) turbulence [26-30]. In the non-runaway scenario, the GWs of acoustic
wave production is the dominant one. The strong FOPTs caused by new physics can
produce a significant magnitude of GWs [31, 32|, which can be probed by the proposed
GW experiments TianQin [33], Taiji [34], LISA [35, 36], ALIA [37], MAGIS [38], DE-
CIGO [39], BBO [40], Cosmic Explorer (CE) [41], Einstein Telescope (ET) [42], aLIGO [43]
and aLIGO+ [44].

Since the successful detection of GWs produced by the merging of two massive ob-
jects [45, 46], direct GW detection has been established as a novel method to probe the
early universe. Furthermore, the direct detection of thermal GWs becomes accessible to
probe phase transitions of the early universe in the multi-messager era [47]. Compared
to the chirp-like GW signals from the merge of massive objects which have clear sources
and can most exist in a short period, the thermal GW signal is continuous, isotropic, and
lasting for a very long time. Generally speaking, its peak frequencies are intimately related
to the dynamics of phase transition [48, 49]. This opens up an active and interesting study
to explore phase transitions of a new physics beyond the SM at the TeV-scale and the
corresponding signals at colliders and GW detectors. For example, such a study has been
conducted in the effective field theory method [50, 51]. The condition of the strong FOPT in
the new physics beyond the SM can be more easily realized when the Higgs sector includes
more scalars [52]. For example, there are works on a singlet extension of the SM [53-56]
or more than one singlet extension [57-60], two-Higgs-doublet models (2HDMs) [61-64] or
other doublet extensions [65, 66], models with triplet extension [67], SUSY models [68-71],
composite models [72-74] and walking technicolor models [75-77], twin Higgs models [78],
Pati-Salam model [79, 80], the left-right SU(4) model [81, 82] motived by the B physics
anomalies, Gorgi-Machacek model [83], axion or axion-like particle models [84-86], extra
dimensional models [87], models with charged singlet [88], seesaw models [89], models with
hidden sectors [90-92] and dark matter (DM) models [93-99], etc. These models reveal
that the strong FOPT can produce GW signatures near or above the EW scale [48, 49].

Among various new physics candidates, except interpreting the EW symmetry break-
ing by the Higgs mechanism, the minimal left-right symmetric model (LRSM) [100-102]
offers an elegant solution to some key fundamental questions in or beyond the SM, such as
parity violation/restoration, CP violation, and generation of tiny neutrino masses at the
TeV-scale, which are among the focuses of experimental searches of new physics at the high-
energy colliders and high-precision experiments. In this work, we examine phase transitions
in the LRSM and the resultant features of the corresponding GWs. Compared with the re-



cent and former study [103], the new things of this paper lie in the following aspects: (i) we
have implemented the correct EW vacuum conditions [104] and set ag = 0 (a2 is a quartic
coupling in the scalar potential eq. (2.2)), (ii) we have taken into account more recent LHC
experimental bounds, which are collected in table 1 and figure 1, (iii) we have found more
general parameter space where the strong FOPT can occur and detectable GWs can be pro-
duced, and (iv) we have also explored the complementarity of GW probes of LRSM and the
direct searches of the heavy (or light long-lived) particles in the LRSM at the high-energy
colliders, and examined how the self couplings of SM Higgs can be affected in the LRSM.

With all the theoretical and experimental limits taken into consideration, it is found
that the strong FOPT at the right-handed scale vy in the LRSM favors relatively small
quartic and neutrino Yukawa couplings, which corresponds to relatively light BSM scalars
and right-handed neutrinos (RHNs), as seen in figures 2, 3 and 9. The scatter plot in figure 5
reveals that the phase transition in the LRSM can generate GW signals with the strength
of 10717 to 10712, with a frequency ranging from 0.1 to 10 Hz, which can be probed by the
experiments BBO and DECIGO, or even by ALTA and MAGIS. The GW spectra for five
benchmark points (BPs) are demonstrated in figure 8, which reveals that the GW signal
strength and frequency are very sensitive to the value of p;. Although some other quartic
and neutrino Yukawa couplings are very important for the GW production, the quartic
coupling p; plays the most crucial role and it also determines the mass of SU(2) g-breaking
scalar H??. In the parameter space where it does not mix with other scalars, the scalar
HY couples only to the heavy scalars, gauge bosons and RHNs in the LRSM [105], which
makes it effectively a singlet-like particle, and thus the experimental limits on it are very
weak [106, 107]. As presented in figure 10, the GW probe of HY is largely complementary
to the direct searches of HY at the high-energy colliders [105] as well as the searches of
HY as a long-lived particle (LLP) at the high-energy frontier [106, 107]. In addition, in
a sizeable region of parameter space, the strong FOPT and GWs are sensitive to a large
quartic coupling Apppp of the SM-like Higgs, which is potentially accessible at a future
high-energy muon collider [108].

The rest of the paper is organized as follows. In section 2 we briefly review the minimal
LRSM and summarize the main existing experimental and theoretical constraints on the
BSM particles in this model. Phase transition are explored in section 3, and the GW
production is presented in section 4. Section 5 focuses on the complementarity of the GW
probes of LRSM and the collider signals of LRSM. After some discussions, we conclude in
section 6. For the sake of completeness, the masses and thermal self-energies are collected
in appendix A, and the conditions for vacuum stability and correct vacuum are put in
appendix B.

2 A brief review of left-right symmetric models

2.1 Left-right symmetric model

The basic idea of LRSMs is to extend the EW sector of SU(2)z, x U(1)y of the SM gauge
group to be left-right symmetric, i.e. SU(2)r x SU(2)r x U(1)p_r. Various LRSMs have
been proposed to understand the parity symmetry and CP breaking of the SM, the origin



of masses of matters or even DM candidates and the matter-antimatter asymmetry of the
universe. The main differences between these LRSMs could be in the gauge structure, the
scalar fields, the matter contents, and/or the seesaw mechanisms.

The most popular, or say conventional, LRSM is the version with a Higgs bidoublet
®, a left-handed triplet Ay, and a right-handed triplet A [100-102]

_ () o5 _(AT/V2 AT C[AR/V2 AR
q>_<¢1_ ¢3>’AL_< LA% —AIL/\/i , Ap= RA% —Af/\/i (2.

When the right-handed triplet Ag acquires a vacuum expectation value (VEV) vpg, the
gauge symmetry SU(2); x SU(2)r x U(1)p_r, in the LRSM is broken to the SM gauge
group SU(2)r, x U(1)y. Two triplets Ay, and Ag are introduced to give Majorana masses
to the active neutrinos and RHNs, respectively, which enables the type-I [109-113] and
type-1I [114-118] seesaw mechanisms for the tiny neutrino masses.

The SU(2)g x U(1)p_1, symmetry can also be broken only by a right-handed doublet
Hp [119, 120]. In this case, heavy vector-like fermions have to be introduced to generate the
SM quark and lepton masses via seesaw mechanism (see also [121]). There are also LRSM
scenarios with inverse seesaw [122, 123], linear seesaw [124, 125], or extended seesaw [126—
129] in the literature. Cold DM is not included in the conventional LRSM (a light RHN can
only be a warm DM candidate [130]), but it is easy to add a fermion or boson multiplet,
where the lightest neutral component is naturally stabilized by the residual Zs symmetry
from U(1)p_r breaking [131, 132]. Alternatively, based on the gauge group SU(2); X
SU(2)r x U(1)y, x U(1)y;, (with Y7, the hypercharge in the SM and Yg the “right-handed”
counter partner), heavy RHNs can be the cold DM candidate [133-135].

In this work, we focus on the minimal LRSM with one bidoublet ® and two triplets
Ay and Apg in the scalar sector. The most general scalar potential in the LRSM can be
written as [136]

V= —pd Te[@1] — i3 (Te[®0] + Tr[d7®]) — i3 (Tr[ALA]] + Th[ARAL])

+ p1 (Tr[ALALP + T ARALP) + po (T[AL AL THA]A]] + Tr[ARAR] Tr[ARAL))

+ ps T[AL AT T[ARAR] + pa (Tr[ALAL] THARAL] + Tr[A] A]] Tr[ARAR])

+ A Tr[@T )% 4 Ay (Ta[&0T] + Tr[dT®)?)

+ A3 Tr[00T] Th[&T 0] + Ay Tr[0 0] (Tr[aT] + Tr[dTa])

+ a1 To[@ 0] (Tr[ALA]] + T[ARAL]) + ag (Tr[@®TALAL] + Tr{0i A RAL)

+ e (Tr[ALA]] Te[®DT] + Tr[A g AL Tr[30]) + Hee.|

+ 81 (Te[@ARDTAL] + Tr[0TALOAL]) + Bo (Tr[®ARDTAT] + Th[dT A, BAL])

+ s (Tr[@AR®TAL] + Ta[@f AL DAL)), (2.2)
where & = go®*09 (with oy the second Pauli matrix). Required by left-right symmetry, all

the quartic couplings in the potential above are real parameters. The CP violating phase
¢ associated with as is shown explicitly.



At the zero temperature, the neutral components of the scalar fields can develop non-
zero VEVs, i.e.

1 K 0 1 0 0 1 00
<<I>> = ﬁ < 01 K26i9”> , <AL> = ﬁ (ULeieL 0) ) <AR> = ﬁ (UR O) ) (23)

where 0,; and 01, are CP violating phases. The two bidoublet VEVs are related to the EW
VEV vgw ~ (\/§GF)*1/2 ~ 246 GeV (with G the Fermi constant) via \/k? + k3 = vEw.
In light of the hierarchy of top and bottom quark masses m; < m; in the SM, it is a
reasonable assumption that ko < k1 [136]. There are three key energy scales in the LRSM,
i.e. the right-handed scale vg, the EW scale vgw and the scale vy, which is relevant to tiny
active neutrino masses via type-1I seesaw. Furthermore, from the first-order derivative of
the scalar potential (2.2), vy, is related to the EW and right-handed VEVs via [114, 136, 137]

2
vy, = i gg)v(g/:f_ ) [ﬁlfcos(a —0r) + Bacosbr + B3&2 cos(2a — QL)} , (2.4)
where { = k2/k1. Due to the tiny masses of active neutrinos, it is a good approximation
to set vy, = 0, therefore we will set 5; = 0 so as to simplify our discussions below.

With vy, = 0, there are only two energy scales in the LRSM, i.e. the EW scale vgw
and the right-handed scale vr. In light of the hierarchy structure vgw < vg, a two-step
phase transition is supposed to occur in the LRSM. In the early universe, the temperature
is so high T' > vg that the symmetry SU(2);, x SU(2)r x U(1)p—_y, is restored. As the
universe keeps expanding, the temperature decreases. When the temperature is lower
than a critical temperature but much higher than EW scale, i.e. vgw < T ~ vg, AOR
develops a non-vanishing VEV and the gauge symmetry SU(2); x SU(2)g x U(1)p_p, is
spontaneously broken to SU(2)z, x U(1)y. When the temperature becomes lower than the
EW scale T' ~ vgw, <I>(1)72 obtain their VEVs and the symmetry is further broken into the
electromagnetic (EM) group U(1)gu.

After symmetry breaking at the vg scale, we can rewrite the bidoublet ® in terms
of two SU(2), doublets, i.e. ® = (iooHj|Hz2). Then the bidoublet relevant terms in the
potential (2.2) can be recast in terms of Hj o:

V(®) D — m3 H Hy + m3oH Hy — m3,(H] Hy + H.c.)
+ M (HIH)? + M\ (HLHy)? + 20 H{ H HI Hy + 4)s H] Ho HY Hy
+ [4\o(H] Ho)? 4 20y (H Hy + HiHy)H Hy + H.c.], (2.5)

where the mass terms are respectively

9 a3 Ii%v% 2
K1 — k3
«
my =~y + S0k, 21)
2
a3 K1Kk2U
m2, = =5 B+ 2(2) + A3)k1k2 + Mvpy - (2.8)
K1 — K3



Although the potential in eq. (2.5) seems to be very similar to that in a general 2HDM [13§],
there are still some obvious differences: in presence of the scale vg, all the states predom-
inately from the heavy doublet Hso are at the vg scale, and their masses are degenerate
at the leading-order, which is clearly distinct from the 2HDMs, where all the scalars in
the 2HDMs are at the EW scale, and the BSM scalar masses depend on different quartic
couplings [138].

In the LRSM, the BSM particles include the heavy Wgr and Zr bosons, three RHNs
N; (with i = 1, 2, 3), neutral CP-even scalar HY and CP-odd AY, singly-charged scalar H 13:
predominately from the bidoublet ®, neutral CP-even scalar HY and CP-odd A, singly-
charged scalar H;E and doubly-charged scalar H lii mostly from the left-handed triplet Ay,
and the neutral CP-even scalar H and doubly-charged scalar H;Ei mostly from the right-
handed triplet Agr. Thorough studies of the scalar sector of LRSM at future high-energy
colliders can be found e.g. in refs. [104-107, 136, 139-158]. In this paper, we assume that
the gauge coupling gr for SU(2)r can be different from the gauge coupling g7, for SU(2),
which might originate from renormalization group running effects such as in the D-parity
breaking LRSM versions [159].

2.2 Theoretical constraints

For completeness, we collect all the theoretical constraints on the gauge and scalar sectors
of the LRSM in the literature, which will be taken into consideration in the calculations of
phase transition and GW production below.

o Perturbativity limits. In some versions of the LRSM, the right-handed gauge coupling
gr can be different from gz, [159]. As the gauge couplings have the relationship (with
gpr, the gauge coupling for U(1)p_1)

11 1 1 11

R A A A

the gauge couplings gr and gpr, can not be either too large or too small if we want

, (2.9)

them to be perturbative. Renormalization group running these gauge couplings up
to a higher energy scale put more stringent limits on them. Perturbativity up to the
GUT scale requires that the ratio ry = gr/gr to satisfy [160]*

0.65 < 7, < 1.60. (2.10)

Furthermore, as the masses \/as/2vg of HY, A and Hi" (cf. table 5 in appendix A)
are severely constrained by the neutral meson mixings (see section 2.2 and table 1),
perturbativity also implies an lower bound on the vy scale [160]:

vr 2 10 TeV. (2.11)

For vy below this value, a3 is so large that all the quartic and gauge couplings will
hit the Landau pole very quickly before reaching the GUT or Planck scale [152, 155,
161, 162].

!Note that the perturbativity limits in ref. [160] are on the LRSM without the left-handed triplet Ar
at the TeV-scale. In presence of Ar at the TeV-scale, the perturbativity limits should be to some extent

different. As an approximation we will adopt the limits from ref. [160].



o Unitarity conditions. The parameters in the potential (2.2) should satisfy the uni-
tarity conditions [155] when we consider the scattering amplitudes of the scalar fields
at the high-energy scale /s > p? (for simplicity we neglect here the effects of all the
scalar masses). In other words, the partial wave amplitudes should not violate the
bound of unitarity so as to guarantee that the probability is conserved. The tree-level
unitarity conditions turn out to be [155]

4 4
ALs< =, A A4 42X <dAm, A —4dp 42\ < — |

3 3

47
P1<§7 p1+ p2 <27, p2,4<2\/§7r, p3 < 8,
o < 8m, g < 4m, o1+ a3 < 8m. (2.12)

o Vacuum stability conditions. The vacuum stability conditions require that [155, 162,
163] (see also [164])

AM>0, p1>0, pr4+p2>0, p1+2p>0. (2.13)

e Correct vacuum criteria. After the spontaneous symmetry breaking, all the scalar
fields have to form some specific structure in the phase space such that we reside in
the correct vacuum, i.e. the vacuum with the lowest VEV in the potential [104, 157].
For completeness, the correct vacuum criteria have been collected in appendix B,
which are obtained with the assumption as = 0. Therefore, we will set ag = 0
throughout this paper.

In the limit of ke <€ K1 < vg, in eq. (2.7), the quadratic coefficient of Hs term
is proportional to 0131}%% /2, thus the heavy doublet scalars HY, A9, Hgi will obtain a
mass of \/ag/2vg at the leading-order. To get the correct EW vacuum, a necessary
condition is m$; > 0, i.e.

Qs K%U%{

5 2 2 + )\11)}23“; + 2M\4k1K9 > 0. (2.14)
1 "2

This yields an upper bound of £. Approximately, we have

_ Al 1/2 mHo -1
<89x 1073 == L ) 2.1
58910 <0.13> (10TeV) (2.15)

2.3 Experimental constraints
All the current LHC limits on the BSM particles in the LRSM are collected in table 1 and

also depicted in figure 1. Here are more details:

e At the LHC, the Wg boson in the LRSM can be produced via the right-handed
charged quark currents. After its production, it can decay predominately into two



quark jets (including the tb channel) and RHNs plus a charged lepton, i.e. Wr —
jj, th, Ni(*)éa (with o = e, p, 7). If the RHNs are lighter than the Wgx boson, as a
result of the Majorana nature of RHNs, the same-sign dilepton plus jets Wrp — N{ —
lol3jj constitute a smoking-gun signal of the Wr boson [165]. Assuming gr = gr.,
the current most stringent LHC data require that the Wr mass my,, > (3.8-5) TeV
for a RHN mass 100GeV < my < 1.8TeV [166, 167]. The dijet [168, 169] and
tb [170, 171] limits are relatively weaker, which are respectively 4 TeV and 3.4 TeV.
The strongest Wg limit of (3.8-5) TeV is presented in figure 1.

e The most stringent limits on the Zr boson is from the dilepton data pp — Zr —
¢7¢~. The current dilepton limit on a sequential Z’ boson is 5.1 TeV [172]. Following
e.g. ref. [160], one can rescale the production cross section times branching fraction
o(pp — Z' — £747) for the sequential Z’ model, which leads to the LHC dilepton
limit of 4.82 TeV on the Zg boson in the LRSM. This is shown in figure 1 as the Zp
limit. There are also dijet searches of the Z’ boson, however the corresponding limits
are relatively weaker [168, 169].

o At the leading order, the scalars HY, A9, Hzi and H fi from the left-handed triplet
Ay, have the same mass [143] (see table 5). The doubly-charged scalar H* can decay
into either same-sign dilepton or same-sign W bosons, i.e. chi — Kiﬁ?j&, WEW=,
which constitute the most promising channels to probe Ay at the LHC, and the
branching fractions BR(HES — Eﬁfﬁéc) and BR(H{t — W*W*) depend on the
Yukawa coupling fr and the left-handed triplet VEV vp. Assuming HljEjE decays
predominately into electrons and muons, the current LHC limits are around 770 to
870 GeV, depending on the flavor structure [173]. In the di-tauon channel Hf* —
77%, the LHC limit is relatively weaker, i.e. 535 GeV [174].2 If the doubly-charged
scalar H f[i decays predominately into same-sign W bosons, the LHC limits are much
weaker, around 200 to 220 GeV [175]. There are also some searches of singly-charged
scalar HQi — 7%y at the LHC [176-178]. However these searches assume Hzi is
produced from its interaction with top and bottom quarks, therefore these limits are
not applicable to H;E in the LRSM which does not couple directly to the SM quarks.
The strongest same-sign dilepton limits of (530-870) GeV on H fci (and also on other
scalars from Ap) is shown in figure 1.

e As the Wg boson is very heavy, the TeV-scale right-handed doubly-charged scalar
Hgﬁi decays only into same-sign dileptons. The couplings of Hgﬁi to the photon and
Z boson have opposite signs, therefore the production cross section of H;Ei at the
LHC is smaller than that for the left-handed doubly-charged scalar H fci. Rescaling
the LHC13 cross section of H fci by a factor of 1/2.4, The same-sign dilepton limits on
HQii turn out to be 271 to 760 GeV for all the six combinations ee, ey, pu, er, ur, 77
of lepton flavors, which is presented in figure 1.

2As the singly-charged scalar H2i and doubly-charged scalar H lii are mass degenerate at the leading
order in the LRSM, here we have adopted the combined LHC limit from the pair production pp — H 1+ TH 1
and the associate production pp — HlingF . In these two channels, the separate channels are respectively
396 GeV and 479 GeV [174].



Particle Channel Lower Limit References

0jj 3.8-5.0 TeV (166, 167]

Wr 3j 4.0 TeV (168, 169]

th 3.4 TeV (170, 171]
Zr e 4.8 TeV [172]

Hi*: e 535-870GeV  [173, 174]
(HY, AY, HY) WEWw+ 200-220 GeV [175]
HF* e 271-760 GeV [173]

HY, A (H) | meson mixing — 10-25TeV  [143, 179-181]

Table 1. Current most stringent experimental limits on the masses of Wg, Zg, H f[i, HQii, and
HY, AY in the LRSM. The particles in parentheses are mass degenerate with them, if there is any.
See text for more details. .

o Thescalars HY, A} and H fc from the bidoublet ® are degenerate in mass at the leading
order. HY and A{ has tree-level flavor-changing neutral-current (FCNC) couplings to
the SM quarks, and contribute to K — K, By — By and B, — B, mixings significantly.
As a result, their masses are required to be at least (10-25) TeV, depending on the
nature of left-right symmetry (either generalized parity or generalized charge con-
jugation), the hadronic uncertainties [143, 179-181] and the potentially large QCD
corrections [182]. The stringent FCNC limits on the heavy bidoublet scalars is shown
in figure 1.

« The neutral scalar HY from the right-handed triplet Ag is hadrophobic, i.e. it does
not couples directly to the SM quarks in the Lagrangian. It can be produced at the
LHC and future higher energy colliders either in the scalar portal through coupling to
the SM Higgs (and the heavy scalars HY and AY), or in the gauge portal via coupling
to the Wr and Zg bosons. Therefore the direct LHC limits are very weak [106, 107].
However, when it is sufficiently light, say at the GeV-scale, H{ can be produced from
(invisible) decay of the SM Higgs or even from the meson decays [106, 107]. More
details can be found in section 5.2.

e The RHNs in the LRSM can be either very light, e.g. at the keV scale to be a
warm DM [130] candidate, or very heavy at the vg scale, and there are almost no
laboratory limits on their masses, although their mixings with the active neutrinos
are tightly constrained in some regions of the parameter space [183]. For simplicity,
in the following sections we will set the masses of RHNs to be free parameters and
neglect their mixings with the active neutrinos.

To be complete, the masses of 100 GeV scale SM particles, i.e. the SM Higgs h, the top
quark ¢ and the W and Z bosons, are depicted in figure 1 as horizontal black lines. See
figure 7 for complementarity of GW prospects of the BSM particle masses and the current

experimental limit.
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Figure 1. Experimental limits on the scalars and gauge bosons in table 1, indicated by the blue
and pink arrows, with the heights of the horizontal lines denoting the ranges of experimental limits.
The horizontal black lines are the masses of SM Higgs h, top quark ¢, and W, Z bosons.

3 Phase transition in LRSM

3.1 One-loop effective potential

To study phase transitions in the LRSM, we consider the effective potential at finite temper-
ature, which includes contributions of the one-loop corrections and daisy resummations.

Renormalized in the MS scheme, the effective potential can be cast into the following
form [184]

Vet (¢3,v) = Vo(oi, v) + VT:(’(@-, ) + V7 i, ) + Vi (i, v)
(b%v
= %(¢Z? 64 D) Zgz ¢Za (10g (,U ) - Oz)

2 QZng:I:< d)’bv ))

e X (e @) - (me)] e

i=bosons

where Vo (¢, v) is the tree-level potential, Vi = is the Coleman-Weinberg one-loop effective
potential [185], and V1T7é0 and Vp are the thermal contributions at finite temperature.
The VlT;"EO term includes only the one-loop contributions, and Vp denotes the high-order
contributions from daisy diagrams. In eq. (3.1) the sum runs over all the particles in the
model. The scalar mass matrices m?(k;, vg) in the LRSM can be found in ref. [136], and the
corresponding thermal self-energies I1;(7T) are provided in appendix A. As for the fermions,
we consider only the third generation quarks and three RHNs. In the LRSM their masses
are respectively

1 1
my = —= (k1 + Ypk2), Mmp = —=(ypr1 + Yeko), M = V2ynv , 3.2
¢ \/i(yt 1+ Ypha) b ﬂ(yb 1+ Ytk2) N YNUR (3.2)
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with y; , the Yukawa couplings for top and bottom quarks in the SM, My the RHN
masses and yy the corresponding Yukawa coupling. In the following study, for the sake of
simplicity, we will assume three RHNs are mass degenerate and does not have any mixings
among them. The degrees of freedom g; and constants C; in eq. (3.1) are given by

(1, %), for scalars,
(9i,Ci) = { (—2A, 3), for fermions, (3.3)
(3, %), for gauge bosons,

with A = 1(2) for Weyl (Dirac) fermions, and the functions J_(J;) for bosons (fermions)
are defined as

Ji (2?) :/0 dik? log (14 e~ V= HR) (3.4)

In the limit of small 22 = m?/T?, we can use the approximations [184]:

Tt w2 1 z?
2 2 4 4
_ _ ] + :
J4 (a: ) 360~ 22% 3% los ar O(z"), (3.5)
4 2 2
9 T w32 1 4, x 4
() =T T2 T ~ atlog T o :
J (:B ) vt "5 (x ) 357 log - O(x%), (3.6)
where
ap = 7T263/2_2’YE N ap = 1671'263/2_27]5 . (3.7)

In this paper we focus on the phase transition at the vg scale, thus as an approximation
all the effects of SM components on the symmetry breaking SU(2)r x U(1)p_r — U(1)y
can be neglected. Neglecting the daisy contributions, the effective potential V.g can be
written down explicitly in the following form [6]:

Vagt (v, IL; = 0) gD(T2—T§)UQ—ETv3+%TU4, (3.8)

where D, Ty, E and pr can be expressed by the model parameters as

1
D= Sz (M, +2Mf, + ME) + Dy, (3.9)
M2
2 _ Hy T2 1
M} +2M3,
= —Zr Ly 5 3.11
47”}% + bp, ( )
3(M3, +2M,) (5 s 1
= p| — - +1lo
pr=r 167207, 6 % apT?
6My (3 2
S 3.12
16720}, (2 MR (312)

where Mx is the mass for the particle X, and p is the renormalization scale. Since there
are lots of scalars in the LRSM, we deliberately separate their contributions from the vector
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bosons and RHNs. The contributions of scalars for each of the terms in eq. (3.9) to (3.12)
can be written in terms of the scalar masses via

1
Dt = 337 (4070 + 607 + TMpy +2M7 1) | (3.13)
2 2 2 2
Lo Mig 6Mig + M+ 20 (5 o )
=" 64m20%, 2 T ) '

16mvy | 3

1 16 1 \3/2
Eg = 3 { 0+\/> 0 1_Tv)3/2+f ( Srv>

3/2 2 3/2
+2V2 [ Mp (1= 1)+ 2M3 | + = f (Mo (1=7,) + 2M§§i] } . (3.15)

4 4 4 4 2 2 2 2
AMjy +6Mjpg + 5My + 2M s + GMHSMH?? +2Mpy My

pr =~
16%20%

3 2
X (2 + log agT2> , (3.16)

where we have defined r, = v%/v%. It should be pointed out that all the masses in eqgs. (3.13)
to (3.16) depend upon the right-handed VEV vp, instead of v. It is observed that the RHNs
can also contribute to the symmetry breaking SU(2)r x U(1)p_r — U(1)y via affecting
the parameters D, Ty and pp, while the parameter E receives only contributions from the

scalars and gauge bosons.

As seen in egs. (3.12) and (3.16), the parameter pp receive not only tree-level contri-
bution from the quartic coupling p; which corresponds to the HY mass via p; =~ M?{p / 21}12;5
(see table 5), but also loop-level contributions from the heavy scalars, gauge bosorfs and
RHNs in the LRSM. In particular, when the quartic coupling p; is small, or equivalently
the scalar H. g is much smaller than the vy scale, which is the parameter space of interest
for phase transition and GW production in the LRSM (cf. figures 2, 3 and 8), the loop-level
contributions in eq. (3.12) might dominate pp. Furthermore, ppr depends also on the gauge
coupling gr via the heavy gauge boson masses My, and Mz,.

To have strong FOPT, the cubic terms proportional to —ETv? are crucial. In the limit
of E — 0, the phase transition is of second-order. In the SM, the effective coefficient F
of ¢? term is dominated by the gauge boson contributions, while in the LRSM, it receives
contributions from both the scalars and gauge bosons, As a result of the large degree of
freedom in the scalar sector of LRSM, it is remarkable that the scalar contributions to E can
even be much larger. The order parameter describing the FOPT is given by v./T., where
v is the non-vanishing location of the minimum at the critical temperature T, at which
the effective potential Veg has two degenerate minima. In the EW baryogenesis [186-188],
to avoid the washout effects in the broken phase within the bubble wall, a strong FOPT is
typically required to satisfy the following condition

ve 2F
— = —>1. 3.17
Tc T ( )
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3.2 Strong first-order phase transition at the vy scale

The effective potential (3.1) is a function of temperature 7. Meanwhile, the minima of the
effective potential vary when the temperature changes. In order to find the quantity v./7
which measures the strength of FOPT, we need to find both the critical temperature 7T,
and the critical VEV v..> In term of the parametrization given in eq. (3.8), the critical

temperature can be approximately expressed as

72 o2 PTD

s (3.18)

Thus it is clear that T, ~ vg > vgw. Therefore, it is justified to neglect the contributions
of SM particles to the phase transition at the right-handed scale vg, since their masses
mgn are at most close to vgw and their contributions are suppressed due to their tiny
couplings to the right-handed triplet.

For given vp and heavy particle masses in the LRSM, the two key parameters 7T,
and v, can be obtained from the effective potential (3.1) by requiring the two conditions
Vet (Te; ve) = Ve (Te;0) and v, # 0. In the numerical evaluations, we change the temper-
ature from a sufficiently highly energy scale, say vg, toward lower values around the EW
scale. A reasonable critical temperature T, for the phase transition SU(2)r x U(1)p_1 —
xU(1)y is assumed to be within this range. The dependence of v./T, on the parameters in
the LRSM is exemplified in figure 2, where in the numerical calculations we have included
all the contributions in eq. (3.1).

Taking into account all the theoretical and experimental constraints in section 2, we
first consider scenarios with the simplifications Ag = A3 = Ay = a1 = a2 = 0. In order to
identify the parameter space where the phase transition is of first-order, we calculate v./T,
at the critical temperature T, with different values of the quartic couplings p1, p2, p3 —2p1,
a3. When we calculate the dependence of v./T. on two of the quartic couplings, all others
are fixed in the way that their corresponding scalar masses equal the Wxr mass, and the
gauge coupling gr = gr. To be concrete, we have set the renormalization scale u to be
the vg scale in eq. (3.1). The corresponding results are shown in the first three panels of
figure 2. The dependence of v./T. on the couplings p; and as, p3 —2p; and p;, and py and
p1 are shown respectively in the upper left, upper right and lower left panels. The quantity
ve/Te is a dimensionless parameter and it is independent of the right-handed scale vg in
the limit of vg > vgw. As the quartic couplings p1, p2, p3 — 2p1, ag are related directly to
the scalar masses MH};7 MH;i, MHS and MH? (cf. table 5), the dependence of v./T. on the
quartic couplings in figure 2 can also be understood effectively as the dependence of v./T,
on the mass—vpg ratios Myo/vr, Myo/vr, MHg/UR and MH2j:j:/1)R. Through the gauge
boson masses My, and Myz,, the parameter v./T, depends also on the gauge coupling
ratio rg, or equivalently on the right-handed gauge coupling gg. This is shown in the lower
right panel in figure 2; as seen in this figure, the v./7T. limit on p; has a moderate or weak
dependence on ry, depending on the value of p;.

3There might be some theoretical uncertainties in perturbative calculations of FOPTs and resultant
GWs, which can be found, e.g. in ref. [189].
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Figure 2. v./T, at critical temperature in the plane of p; versus a3 (upper left), p; versus ps —2p;
(upper right), p; versus pa (lower left) and p; versus r4 (lower right). The color indicates the value
of v./T.. In all the panel the other parameters are fixed in the way that their corresponding scalar
masses are set to be the Wr mass.

Given the information on v./T, in figure 2, a few more comments are now in order:

e As seen in figure 2, a strong FOPT in the LRSM require a relatively small quartic
coupling p; < 0.07 for the parameter space we are considering, which is qualitatively
similar to the SM case where a light Higgs boson (say M} < 80 GeV) is needed in
order to have a first-order EW phase transition [190]. It turns out that a small p;
(and resultantly light HY) is not only crucial for the prospects of GWs in future
experiments (cf. figure 8), but also triggers rich phenomenology for the searches of
LLPs at the high-energy colliders and dedicated detectors [106, 107].

e The phase transition at the vg scale occurs when the neutral component A% of the
right-handed triplet Ar develops a non-vanishing VEV vgr. As a result, the strong
FOPT is more sensitive to the mass of HY, or equivalently to the value of p;, than
other heavy scalar masses. This is also clearly demonstrated in the plots of figure 2.
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As seen in the upper left, upper right and lower left panels, the quartic coupling as,
ps — 2p1 and ag can reach up to order one, while p; < 0.1 in the figure 2.

e Although the quartic couplings as, p3 and p3 — 2p1 is less constrained by the FOPT
than the critical coupling pi1, as seen in the first three panels of figure 2, if either of
these couplings is sufficiently large, it will invalidate the strong FOPT at the vy scale,
no matter how small p; is. Meanwhile, the white areas in the plots of figure 2 indicate
that in these regions the perturbation method starts to break down and theoretical
predictions become more difficult.

In figure 2 we have fixed some parameter in the LRSM and vary two of them. To see
more details of the correlation of v./T, and the parameters in the LRSM, we take a more
thorough scan of the parameter space of the LRSM. To be specific, we adopt the following

ranges:
£=1073, aa =i =Xa34=0, rg=1, vp=10TeV, 20TeV ,
p1€[0,0.5], asg €10,10], p3—2p1,p2,yn € [0,2], A1 €[0.13,2] (3.19)

and apply all the theoretical and experimental constraints in section 2. Here follows some
comments:

o We have chosen £ = ka/k1 = 0.001 in order to satisfy the theoretical constraint in
eq. (2.15).

e We have chosen as = 0 in order to meet the requirement of the correct vacuum
conditions given in eq. (B.1).

e It is known from figure 2 that the strongly FOPT need a small p;, therefore we have
chosen p; < 0.5.

e p3 — 2p1 has set to be larger than zero, as it corresponds to the masses of the left-
handed triplet scalars (see table 5).

e The quartic coupling «; is not a free parameter here, as it is related to A; and the
SM coupling A via eq. (5.1). As a?/4p; is always positive, it turn out that the quartic
coupling Ay > A ~ 0.13.

e We have chosen two benchmark values of 10 TeV and 20TeV for the right-handed
scale vy to examine the dependence of FOPT on vg. It turns out that the phase
transition is almost independent of the values of vg, as expected.

The resultant scatter plots of v./T, are presented in figure 3 as functions of the pa-
rameters p; and as. The data points of strong FOPT with v./T. > 1 are shown in
red while those with v./T. < 1 are in blue. When we set vg = 10TeV and take the
FCNC limit of M go > 15TeV [143], the quartic coupling a3 should meet the condition
az > 2M12{? / v% = 4.5. The region shaded by the light pink in the left panel of figure 3 is
excluded by such conditions. It is found that only a small amount of the data points can
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Figure 3. Scatter plots of p; and ag, with the blue points have v./T. < 1 and the red ones
ve/Te > 1. In the left panel, the FCNC limits on a3 for vg = 10 TeV and Mpyo < 15TeV are
indicated by the pink shaded regions. In the right panel, the case with vg = 20 TeV is shown.

survive and have strong FOPT. When the vp scale is higher, say vp = 20 TeV, the quartic
coupling aj is significantly smaller, i.e. @3 > 1.13. The region denoted by the light pink
shaded region in the right panel of figure 3 is excluded. Then there will be more points that
can have a strong FOPT with v./T,. > 1, as clearly shown in the right panel of figure 3.

4 Gravitational waves

The thermal stochastic GWs can be generated by three physics processes in phase transi-
tion [191]: collisions of bubbles, sound waves (SWs) in the plasma after the bubble collision,
and the MHD turbulence forming after the bubble collision. For non-runaway scenarios,
GWs are dominated by the latter two sources [191], and the corresponding GW spectrum
can be approximated as

hQQGW ~ h2QSW + hQQMHD . (4.1)

The SW contribution has the form of [25]
7/2
H, Lo \2 /100\/3 3
h2Qsw(f) ~ 2.65 x 1076 () <1H a ) ( 00) U ( f ) 7 i |
p +a g« fsw 4+ 3( f )

fsw
(4.2)
where f is the frequency, g, and H, are respectively the number of relativistic degrees of

freedom in the plasma and the Hubble parameter at the temperature T, v,, is the bubble
wall velocity, a describes the strength of phase transition, 5/H, measures the rate of the

phase transition, and
e

T 0.73+0.083/a+a’

is the fraction of vacuum energy that is converted to bulk motion. The peak frequency

(4.3)

Ky
fsw is approximated by

L1 /B T. gx \V/¢
~1. 2= (B (2 ) (I . 44
Jsw == 1.9 1077= (H) <1OOGeV> (100) mHz (4.4)
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The MHD turbulence contribution is [30, 192]

f 3
h2QMHD(f) ~335x%x 1074 (}L) <W>3/2 (10())1/31) (fMHD)
o B 1+« G w(1+i>11/3<1+m)’
SfymuD N
(4.5)

where kyup = 0.05k, is the fraction of vacuum energy that is transformed into the MHD
turbulence, h, is the inverse Hubble time at the GW production (red-shifted to today),
and is given by

T, s 1/6
hy = 16.5 x 1076 Z H 4.
0.5>10 (IOOGeV) (100) “ (46)
and the peak frequency is
1 (B T. g« \'/6
~27x1072— (= 2 Hz. 4.7
A e (H) (100GeV) (100) i (4.7)

As shown in the formula above, the gravitational wave spectrum from FOPTs are
generally characterized by two parameters related to the phase transition, namely « and
B [31]. The parameter « is defined as the ratio of the vacuum energy density e, released at
the phase transition temperature T} to the energy density of the universe in the radiation

era, i.e.
€x
= * 4.8
T meTA/30° (48)
where €, is the latent heat and can be expressed as
dA Vg
« = | —AV, T . 4.9
‘ ( of T1ar ) T=T, (4.9)

The AV.g denotes the difference of potential energy between the false vacuum and true
vacuum, i.e. AVeg = —Veg(0,T) + Ve (v, T), which can be simply determined by T and
the parameters of LRSM.

The parameter § describes the rate of variation of the bubble nucleation rate during
phase transition, and its inverse describes the duration of phase transition. To describe rate

of the phase transition, a dimensionless parameter I_?* is defined from the following equation
B d(Ss/T)
— =T 4.10
H, dT |p—1,’ ( )

where S3 denotes the three-dimensional Euclidean action of a critical bubble. The T
denotes the temperature when the phase transition is ended and can be determined by
requiring that the probability for nucleating one bubble per horizon volume equals 1, i.e.

T 4T T(T)
. T HY

=1, (4.11)
where I'(7T') is the probability of bubble nucleation per horizon volume, which can be ex-

pressed as T'(T') = 'y exp{—S3/T}, with Ty = T*(S3/2xT)%/? [193-195]. In this paper, Sj is
computed using the code CosmoTransitions [196] to solve the bounce equation of bubbles.
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Figure 4. The values of a (left) and §/H, (right) for data points which have strong FOPT, as
function of v./T.

10—10, i 10—10_
_ L. L .. —12k LIS
1072 e e 10 ¢
10-4F P
NC: ,::0 PR
< 10-16} P
10718 s
10—20,
10-20 . . . . .
1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.001 0.010 0.100 1 10 100 1000
Vc/Tc f/lHz

Figure 5. GW peaks for the data points in figure 4, as function of v./T. (left) and frequency f
(right). Also shown in the right panel are the prospects of LISA [35, 36], TianQin [33], Taiji [34],
ALIA [37], MAGIS [38], BBO [40], DECIGO [39], ET [42], and CE [41].

The parameters o and [ set respectively the strength and time variation of GWs
during the phase transition, and their typical values in the LRSM are shown respectively
in the left and right panels of figure 4. As demonstrated by the data points, the value of
a varies roughly from 0.001 to 0.1, and 3/H, can range from 10% to 10*. In the numerical
calculations, all the data points in figure 4 have strong FOPT.

Assuming the bubble wall velocity v,, ~ 1, the corresponding GW signals of the data
points in figure 4 are shown in figure 5. The correlation of the ratio v./T, and GW signal
peaks are presented in the left panel. We can read from figure 4 and the left panel of
figure 5 that with large v./T. the value « is typically larger, thus yielding stronger GW
signals. The GW strength and frequency peaks are shown in the right panel of figure 5. The
potential sensitivities of LISA [35, 36], TianQin [33], Taiji [34], ALIA [37], MAGIS [3§],
BBO [40], DECIGO [39], ET [42], and CE [41] are also depicted in the right panel of
figure 5. As seen in this figure, the frequency peak in the LRSM can range from 107! to
102 Hz. Furthermore, there are some data points of the LRSM with frequencies in the
range of roughly from 0.1 to 10 Hz and GW strength larger than 10~'7, which can be
detected in the future by BBO and DECIGO, or even by ALIA and MAGIS.
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Figure 6. Distributions of data points as function of the masses of HY, HY, Hzii, HY and N,
with the strong FOPT v./T, > 1 (left), and for the data points that can be detected by BBO and
DECIGO (right).

For the data points in figure 5 with strong FOPT, the mass spectra of the scalars HY,
HY, HY, H;Ei and the mass of RHNs N are shown in the left panel of figure 6, and the
mass spectra of these particles for the data points that are achievable in the BBO and
DECIGO experiments are presented in the right panel of figure 6. The two plots of figure 6
clearly show that the masses of HY, HY and HQii can reach up to few times 10 TeV, with
their lower mass limits roughly round the experimental constraints in section 2.3 (see also
table 1 and figure 1). The mass of HY can go to much smaller values, i.e. from 20 GeV up
to 10 TeV. This can be easily understood: on one hand, the theoretical and experimental
constraints on HY mass are rather weak (see section 2); on the other hand, the strong FOPT
and GW production in the LRSM favor a relatively light HY (see figures 2, 3 and 8). As
seen in figure 6, the RHN masses My can range roughly from 300 GeV up to 40 TeV. It
is expected that the GW probe of HY and RHNs are largely complementary to the direct
searches of them at the high-energy colliders, including the searches of long-lived HY and
N. See section 5.2 for more details.

For the purpose of comparison, we present in figure 7 the experimental limits on the
masses of HY, HY and HQjEjE in figure 1 and the GW sensitive ranges of the masses of HY,
HY, HQii, Hg and N in figure 6, where the mass ranges within the sensitivities of GW
detectors are represented by green hatched areas. It is clear that the GWs from phase
transition can probe a large region of parameter space in the LRSM that goes beyond the
current collider limits.

To expose more features of GWs from the phase transition at the vy scale in the
LRSM, we have chosen five specific BPs. For the sake of concreteness and simplification,
we have chosen vp = 10TeV, € = 1073, and set the quartic couplings \; = A = 0.13,
a1 = g = Ay = A3 = Ay = 0. The BSM particle masses MH?, MHS’ MHg, MH;Ei and My
are collected in the first few columns of table 2. The resultant v., T,., Tx and the parameters
a and B/H, are also shown in table 2. The GW spectra h?Q as function of the frequency
f for the five BPs are presented in figure 8. There are a few comments on the five BPs.

o It is clear in figure 8 that the BPs (from BP1 to BP4) with the same values of Mppo,
M HY» M HE* and My but different M g9 can be probed in the future by BBO and
DECIGO, and even by ALIA and MAGIS. It seems that the H{ mass M HO, OF
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Figure 7. Combined plot of the experimental limits in figure 1 (blue and pink blocks with arrows)
and the GW prospects of the masses of HY, HY, HQii, HY and N in the right panel of figure 6
(green hatched regions). The horizontal black lines are the masses of SM Higgs h, top quark ¢, and
W, Z bosons.
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Figure 8. The same as in the right panel of figure 5, but for the five BPs in table 2.

equivalently the quartic coupling p1, is crucial for the GWs in the LRSM. The BPs
(like BP5) with a heavier HY, or equivalently larger p;, tends to generate a small
a and large 8, and thus produce weaker GW signals with a larger frequency. This
is consistent with the findings in ref. [103]. The BPs BP1 and BP2 with HJ mass
below TeV-scale can produce GWs of order 1013 with frequency at around 0.1 Hz,
far above the prospects of BBO and DECIGO. The BP4 with a 2 TeV HY can only
produce GWs of order 10716 with frequency peaked at 1 Hz, which can be marginally
detected by BBO and DECIGO.

o Comparing BP4 and BP5, it is clear that only the masses of HY, H;Ei and N are
heavier in BP5 than in BP4, while all other parameters are the same. As seen in
figure 8, the GW signal in BP5 is so weak that it can escape the detection of all the
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BPs BP1 BP2 BP3 BP4 BP5
M HY 10 TeV 10 TeV 10 TeV 10 TeV 10 TeV
Mo 8 TeV 8 TeV 8 TeV 8 TeV 10 TeV
My 40GeV  500GeV  1TeV 2TeV 2TeV
My, e+ 8 TeV 8 TeV 8 TeV 8 TeV 10 TeV
My 1TeV 1TeV 1TeV 1TeV 2TeV
Ve 8.02TeV 8.01TeV 7.98TeV 7.72TeV 7.18 TeV
T 3.42TeV  3.50TeV  3.73TeV  4.49TeV  5.44TeV
T, 217TeV  227TeV  2.75TeV  3.92TeV  4.89TeV
o 0.056 0.053 0.037 0.019 0.0083
Qoo 0.18 0.16 0.11 0.053 0.037
B/H, 265 272 493 1373 1908
T 0.16 0.16 0.13 0.10 0.15
Qg 0.036 0.033 0.018 0.0067 0.0024
K}/K? 043 0.40 0.26 0.12 0.087

Table 2. Five BPs studied in this paper. Parameters not shown in the table are set to be
vp=10TeV, £ = 1073, A\; = 0.13, a1 = a2 = Ay = A3 = Ay = 0. Their GW spectra are shown
in figure 8. It is also noticed that all these BPs are non-runaway scenarios in term of the criteria
defined in eq. (25) of [191]. The suppression factor Y is defined in eq. (6.1) [197, 198]. Another
suppression factor Kg /K? of the M3 method derived from the trace of energy-momentum tensor
and the corresponding «y in refs. [199, 200] are provided in the last two rows.

planned GW experiments in the figure. This reveals that the masses M HY M HE*
and My, or equivalently the couplings ps — 2p1, p2 and yy, are also important for
GW production in the LRSM. More data points in the numerical calculations reveal
that the coupling aj is also very important for the GW signals in the LRSM.

5 Complementarity of GW signal and collider searches of LRSM

In spite of the large number of BSM scalars, fermions and gauge bosons in the LRSM
and the larger number of quartic couplings in the potential (2.2), it is phenomenologically
meaningful to examine the role of some couplings, or equivalently the BSM particle masses,
in the strong FOPT and the subsequent GW production in the early universe, as well as
the potential correlations of GWs to the direct laboratory searches of these particles and
the SM precision data at the high-energy colliders. In this section, we will elaborate on (i)
the effects of the quartic coupling A\; in the scalar potential (2.2) which corresponds to the
self-coupling A in the SM, and (ii) the complementarity of GW signal, the collider searches
of (light) HY and the heavy (or light) RHNs in the LRSM.
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models mass squared Ahhh Ahhhh

SM 2)\U%W AVEW %)\
2 2
LRSM (2)\1 - 2%11) vEiw % (4)\1 - %) VEW + (4)\4 - %) fvpw 1M1

Table 3. Comparison of the masses squared, trilinear and quartic couplings of the SM-like Higgs
h in the SM and LRSM [105, 152].

5.1 Self-couplings of SM-like Higgs boson in the LRSM

It is interesting to examine how the self-coupling A of the SM-like Higgs boson h can be
affected by the BSM scalars in the LRSM. The SM-like Higgs mass square, the trilinear
coupling A\ppp and the quartic coupling Apppp in the SM and LRSM are collected in table 3.
Comparing the mass square of h in the SM and LRSM, we can approximately identify the
following relation among the SM and LRSM quartic couplings [105, 152]
af
A1 I = A (5.1)
As seen in the third column of figure 3, the trilinear coupling Appp of the SM-like Higgs in
the LRSM only differs from the SM value by a small amount of ¢ ~ 1073 [105, 152]. On
the contrary, the quartic coupling Apppp in the LRSM might be significantly different from
the SM prediction: as shown in the last column of table 3 [105, 152],
2
%Al - i)\ ~ %;1. (5.2)
In other words, at the leading-order of the approximations of vg > vpw =~ K1 > Ko, the
difference of quartic coupling of SM-like Higgs boson in the SM and LRSM is dominated
by the a?/16p; term. As the FOPT and GW in the LRSM favor a small p; coupling, the
difference in eq. (5.2) tends to be significant for sufficiently large a;.

Adopting the parameter ranges in eq. (3.19) and taking into account the theoretical
and experimental limits in section 2, the scatter plots of the quartic coupling Apppp and
the couplings p1, a1 and yy are shown respectively in the left, middle and right panels of
figure 9, where the data points with strong FOPT v./T. > 1 is shown in red, while those
with v./T. < 1 are in blue. It is very clear in figure 9 that the deviation of the quartic scalar
coupling A from the SM value A is always positive and can be very large, even up to the
order of 10, as expected in table 3 and eq. (5.2). We can also read from the left and middle
panels of figure 9 that a large deviation of the quartic coupling of SM-like Higgs need a
relatively small p; and/or large «1. As given in eq. (3.12), a large yy tends to decrease pr,
thus increasing the value of v./T.. However, if yy is too large, say yn 2 1.5, a negative pr
will be obtained which leads to a non-stable vacuum. Thus, the phase transition and GW
in the LRSM favor a Yukawa coupling yy ~ O(0.1) to O(1).

On the experimental side, the combined results of di-Higgs searches can be found e.g.
in refs. [201, 202]. Data from LHC 13 TeV with a luminosity of 36 fb~! only set a weak
constraint Appn/AgM € (—5,12). The LHC 14 TeV with an integrated luminosity of 3 ab™!
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Figure 9. Scatter plots of A;/X and p; (left), ay (middle) and yy (right), with the blue points
have v./T. < 1 and the red ones v./T, > 1.

can probe the trilinear coupling of SM Higgs within the range of Ay, /APM. € (0.7,1.3) [203],
while the future 100 TeV collider with a luminosity of 30 ab™! can help to improve the
sensitivity up to )\hhh/)\;sl% € (0.9,1.1) [204]. However, this is not precise enough to see
the deviation of trilinear coupling in the LRSM, which is of order 10~3 or smaller.

Although the quartic coupling measurements can not be greatly improved at hadronic
colliders [204, 205], a future muon collider with the center-of-mass energy of 14 TeV and a
luminosity of 33 ab™! can probe a deviation of the quartic Higgs self-coupling at the level
of 50% [108]. This can probe a sizable region of parameter space in figure 9.

5.2 Searches of Hg and RHNs in the LRSM

As implied by the BPs in figures 6 and 8, the GW signals favor a relatively light HY in the
LRSM, and this can be correlated to the direct searches of a (light) HY at the high-energy
frontier. At the high-energy colliders, the scalar HY can be produced in two portals [105]:

o The scalar portal, i.e. the production of HY through its coupling to the SM Higgs h.
This includes the channels pp — h* — hHY and pp — h*) — H. 9HY. The production
amplitudes in both the two channels are proportional to the quartic coupling a;. As
the trilinear couplings A, HOHY and Ay, HY are respectively proportional to the VEVs
vgw and vg, even if aj is small say a; ~ 1072, the production cross sections are
still sizable. Assuming a; = 0.01 and vg = 10 TeV, the prospects of HY at the LHC
14 TeV with an integrated luminosity of 3 ab™! and the future 100 TeV collider with
a luminosity of 30 ab™! are shown as the yellow and brown bands in figure 10 [105].

e The gauge portal, i.e. the production of Hs through its couplings to the heavy Wg
and Zr gauge bosons, in the Higgsstrahlung process pp — V5 — H:?VR (with
Vr = Wg, Zg) and the vector boson fusion (VBF) process pp — HYjj. In light
of the current direct LHC constraints on Wx and Zpr (see section 2.3), the prospects
of HY at the LHC in these channels are very limited, which however can be largely
improved at future 100 TeV colliders. The FCC-hh prospects in the HJjj and HJVg
channels are shown respectively as the green and magenta bands in figure 10.

In obtaining both the scalar and gauge portal prospects, we have set a lower bound on
the HY mass, i.e. MHg > mp/2 ~ 62.5GeV, such that the exotic decay of the SM Higgs
h — HYHY is kinematically forbidden [206].
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Figure 10. Complementarity of HY at the colliders and GWs: the orange, pink and red bands are
the prospects of a light HY at FCC-hh (100 TeV and 30 ab—!), MATHUSLA and LHC (14 TeV and
3 ab™1), the brown, yellow, green and magenta bands are the prospects of direct searches of HY at
the FCC-hh (and LHC) in the channels HYHY, hHY, H{jj and HJVg. The blue band is the GW
prospect of HY mass in the right panel of figure 6.

The scalar HY mixes with the SM Higgs h and the heavy bidoublet scalar HY, which
induces the tree-level FCNC couplings of HY to the SM quarks. Therefore for sufficiently
light HY, it can be produced from flavor-changing meson decays, such as K — wHY [106,
107]. The high-precision SM meson data have set very severe constraints on the mixing
angles of HY with h and HY. Therefore in a large region of parameter space the light
HY decays predominately into two photons H{ — vv through the Wx and heavy charged
scalar loops in the LRSM. Suppressed by the heavy particle masses in the loops, the scalar
Hg tends to be long-lived, and can thus be searched in the multi-purpose detectors at the
high-energy colliders as well as the dedicated LLP experiments therein. The prospects of
long-lived Hj3 at the LHC 14 TeV, FCC-hh, and MATHUSLA [207] are presented figure 10
respectively as the orange, red and pink bands [106, 107].

The GW prospect of My, in figure 6 is indicated by the blue band in figure 10. As
clearly seen in figure 10, the direct searches of HY at the LHC and future 100 TeV colliders
can probe a mass range of roughly 100 GeV up to 3 TeV, while the searches of a long-lived
HY at the high-energy colliders can cover the mass range of 10 GeV down to 100 MeV. As a
new avenue to probe the phase transition in the LRSM, GWs are sensitive to a wide mass
range of HY, from the 10 GeV scale up to 10 TeV, which is largely complementary to the
searches of (light) HY at the high-energy colliders.

Note that one of the important decay modes of H. g is the RHN channel, i.e. H. g — NN,
which will induce the strikingly clean signal of same-sign dilepton plus jets [105, 149, 154].
The heavy RHNs can also be produced through their gauge couplings to the Wg and Zp
bosons, e.g. the smoking-gun Keung-Senjanovié¢ signal pp — Wgr — N{T — (F(*jj at
the high-energy pp colliders [165]. If the RHNs are very light, say below 100 GeV scale,
the decay widths of RHNs will be highly suppressed by Wx mass, which makes the RHNs
long-lived [208, 209]. The light long-lived RHNs can be searched directly at the high-energy
colliders via displaced vertex, or even from meson decays [210-213]. The prospects of RHNs
at the high-energy colliders and in meson decays depend largely on the heavy scalar or
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gauge boson masses (see also [214, 215]). However, it is worth pointing out that, as seen in
figure 6, GWs are sensitive to the RHN masses in the range of 200 GeV up to 40 TeV, which
is largely complementary to the direct searches of (light) RHNs at the high-energy frontier.

6 Discussions and conclusion

Before the conclusion we would like to comment on some open questions in the phase
transition and GW production in the LRSM:

e In the calculations we have assumed that at the epoch of phase transition the bub-
bles expanding in the plasma can reach a relativistic terminal velocity, i.e. the non-
runaway scenarios, where the velocity of bubble wall is taken to be v, ~ 1 in our
analysis, which corresponds to the denotation case [216]. A recent numerical anal-
ysis [217] has revealed that the SW contribution might be suppressed by a factor
of 1073 in the deflagration case when a > 0.1 where the reheated droplet can sup-
press the formation of GW signals. While there is no such a huge suppression for
the denotation case with a < 0.1, our results could still be valid, although the GW
signals might be suppressed by a factor two or three. The bubble wave velocity, in
principle, can be computed from the parameters of a given model, as demonstrated
in [218-220]. Furthermore, according to the recent calculations in ref. [197], it is
found that the finite lifetime of SWs can lead to a suppression factor T, which can
be parameterized in the following form [198]

T=1-

1/3 —1/27-1/2
8 H. ( ki, ) ] | (6.1)

s v
We have calculated the T factors for the five BPs in table 2, and listed it in the
last row of this table. It is observed that the GW signals in these BPs might be
suppressed by up to a factor of 6 to 10. It might be interesting to explore how the
model parameters of LRSM can affect the bubble wall velocity and the effects of the

suppression factor Y, which will be a topic for our future study.

o Recently, it is found in refs. [199, 200] that the trace of energy-momentum tensor can
yield a more precise prediction of GWs while the latent heat tends to overestimate
the strength of GWs. To be precise, we will adopt the M3 method provided by
refs. [199, 200]. In such a method, the latent heat should be replaced by the ay,
which is defined below

Do(Ty) P
ag, = —— with 0=e— 5, 6.2
+ 3’U)+ Cg,b ( )

where the subscript “+” denotes the quantities before phase transition, cs(cp) is the
speed of sound in symmetric (broken) phase and w = p + e is the enthalpy density.
Here we have assumed the fluid is a relativistic plasma, and thus taken the sound
speed as 1/ V3. T, is the temperature in front of the bubble wall and is equal to
T, for detonations. The notation D€ denotes the difference of the traces of energy-
momentum tensor between the broken phase and the symmetric phase, which gives
d [Ver(0) — Verr (v)]
dr '

D6 = 4V (0) - Vegr(0)] — T (6.3)
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To obtain more precise predictions of GW power spectra with respect to the full
numerical simulations, we adopted the M3 method proposed in [199]. From eq. (4.2),
a more precise result can be obtained by doing the following replacement

Ky Do gk
1+« 0 <4e+>’% 14 ay (6.4)

Such a replacement can lead to a reduction factor Kg /K? in the quantity of Qaw,
which are presented with the results of ay in the last two rows of table 2. It is
noteworthy that BP4 and BP5 suffers the two largest suppression. In contrast, BP1
and BP2 are only subject to a mild suppression of order 0.4, and BP3 suffers a
suppression factor of 0.26.

In short, even if the two suppression factors T in eq. (6.1) and K37/K? in eq. (6.4) are
taken into consideration, the BPs BP1 thorough BP3 are still within the sensitivities
of future BBO and DECIGO detectors (see figure 8).

It is remarkable that for the scalar Hg, which is mainly the CP-even neutral compo-
nent of the right-handed triplet A, both the theoretical and experimental constraints
on it are very weak. As a result, its mass could span a wide range, say from below
GeV-scale up to tens of TeV. In the case that all other new particles in the LRSM are
heavier than 5 TeV but with a relatively light HY below the TeV-scale (for instance
the BPs BP1 and BP2 in table 2), at the scale below 1TeV, the scalar potential of
LRSM given in eq. (2.2) can be reduced to the effective model with the SM extended
by a real singlet S, where the scalar potential has the following form:

1 1
V(H,S) = —p*(H'H) + 5m§52 + 1A(HTH)2 + A358% + Ag55%
+ X3xS(HH) 4+ M\yxS*(H'H) . (6.5)

The trilinear and quartic couplings in eq. (6.5) can be written as functions of the
right-handed VEV vp and the quartic couplings in the LRSM, which are collected
in table 4. Obviously, when «; is switched off, HY will not affect the EW phase
transition directly, and the EW phase transition should be of second-order as in the
SM. When «; is switched on, it might be interesting to examine whether the light
HY can affect the phase transitions at both the vg scale and the EW scale. When it
is possible, a multi-step strong FOPT could be expected [221].

To summarize, in this paper we have studied the prospects of GW signals from phase

transition in the minimal LRSM with a bidoublet ®, a left-handed triplet Ay, and a right-
handed triplet A, which is a well-motivated framework to restore parity and accommodate

the seesaw mechanisms for tiny neutrino masses at the TeV-scale. We have considered the

theoretical limits on the LRSM from perturbativity, unitarity, vacuum stability and correct

vacuum criteria, as well as the experimental constraints on the heavy gauge bosons and

the BSM scalars. The experimental limits are collected in table 1 and figure 1.

With these theoretical and experimental constraints taken into account, we have an-

alyzed the parameter space of strong FOPT and the resultant GWs in the LRSM. As
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trilinear couplings | expressions

A3s V2p1vR
A3x %OLWR

quartic couplings | expressions

A Al
A4s in
Aux sa1

Table 4. Trilinear and quartic couplings given in eq. (6.5) for a SM+singlet model derived from
the LRSM.

demonstrated in figures 2, 3 and 9, the strong FOPT at the vg scale favors relatively
small quartic and Yukawa couplings, which corresponds to relatively light BSM scalars
and RHNs. The GWs for some BPs in the LRSM in figure 5 reveal that the phase transi-
tion in the LRSM can generate the GW signals of 10717 to 10~'2, with a frequency ranging
from 0.1 to 10 Hz, which can be probed by the experiments BBO and DECIGO, or even
by ALIA and MAGIS. Setting vg = 10 TeV, as seen in figure 6, the GWs are sensitive to
the following mass ranges:

+ The heavy bidoublet scalars HY, AY, Hi, the scalars HY, A9, Hy and Hif* from the
left-handed triplet Ar, and the doubly-charged scalar Hzii from the right-handed
triplet Agr, with masses up to tens of TeV, with the lower bounds of their masses
roughly set by the experimental limits in figure 1.

o The scalar HY with mass in the range of roughly from 20 GeV up to 10 TeV. As
presented in figure 10, the GW prospects of HY are largely complementary to the
direct searches of heavy HY at the LHC and future 100 TeV colliders, and the searches
of light HY from displaced vertex signals at the LHC, future higher energy colliders,
and the LLP experiments such as MATHUSLA.

e The RHNs with masses from roughly 300 GeV up to 40 TeV. The GW sensitivity
of My is also largely complementary to the direct searches of prompt signals and
displaced vertices from RHNs at the high-energy colliders, as well as the production
of RHNs from meson decays.

The GW spectra in figure 8 for the BPs in table 2 shows that the quartic coupling p; is
crucially important for both the frequency and strength of the GW signals in the LRSM,
while other couplings such as p2, p3 — 2p1, as and yy are also important. In addition, the
precision measurement of the quartic coupling of the SM Higgs at a future muon collider
can probe a sizable region of the parameter space in LRSM, which can have strong FOPT
and observable GW signals, as exemplified in figure 9.
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A Mass matrices and thermal self-energies

In the LRSM with a bidoublet ®, a left-handed triplet Ay and a right-handed triplet
ApR, there are 20 degrees of freedom in the scalar sector. In this paper, for simplicity
we assume there is no CP violation in the scalar sector, i.e. the CP phase § = 0 in the
potential (2.2) and the phases 6, = 01 = 0 in the VEVs (2.3). In the limit of v; <
Ko <€ K1 =~ vpw < UR, all the physical scalars and their masses are collected in table 5.
The corresponding mass matrix elements can be found e.g. in ref. [136]. In the basis of
V2{Re[#}], Re[¢9], Re[69], Re[6%]}, the thermal self-energy of the real neutral components
are respectively:

T2 (9 9
(Hpo)yy = (go)yy = % (29% + 59%3 + 201 + 8X3 + 1201 + 6ag + 637 + 692) ., (A1)
T2
(Wio)s = 55 (1207 + 6g%1 + 16p1 + 8pa + 6pg + S + dag + 120 ) (A.2)
T2
(M go)y = 51 (129% + 6g%; + 16p; + 8pa + 6p3 + 8oy + daz + 12y]2v> , (A.3)
(Igo)1o = T (a2 + X+ yegp) (A4)
(HH0)13 = (HH0)14 = (HH0)23 = (HH0)24 = (HH0)34 =0. (A.5)

All the rest elements are related to the ones above via (IIgo);; = (IIgo)j;. The thermal
self-energy for the imaginary components of the neutral scalars is very similar to that for
the real components. In the basis of v/2{Im[¢9], Im[¢9], Im[6?], Im[6%]}, the elements are
respectively:

(M), = {+ (o) for (i) # (1,2). (46)

— (M), for (i,5) = (1,2).

For the singly charged fields, in the basis of {qﬁf, qﬁét, 525, 6?%:}, the thermal self-energy is the
same as that for the real neutral components, i.e. IIg+ = Ilgo. For the doubly-charged
scalars, in the basis of {Afi, Aﬁi}, the corresponding self-energy is given by

(Mg++); = po)gg , (Hprt)gy = Hpyo)y, , Myzs);,=0. (A.7)

For the neutral gauge bosons, in the basis of {W3, Wg, B}, the self-energy matrix reads

T
M, = 5 diag{99%, 995 17951} (A8)
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physical states mass squared
h=VIReof + €] + B RelAG] 4 (40— 1) vy
HY = v/2Re[¢) — £6}"]

A = /2Im[g} — £0t] 2030

HE = ¢5 +E61 + 505
Hj = v/2Re[A]]

A§ = V2Im[A]]

L(ps — 201 )%

Hy = AT

HES = A%t

HS = v/2Re[A}] 2p10f,
Hy* = AT 2p2v%

Table 5. Physical Higgs states and their masses when vy, < ko <€ k1 < vg [143]. Here € = ko /K1
€ = vpw/VR ~ K1/vg. his the SM Higgs field.

while for the singly-charged gauge bosons, in the basis of {ch,W]f%}, the self-energy
matrix is

Dow = 3T e r2 2 A9
wE =5 iag{g7, 9%} - (A.9)

B Conditions for vacuum stability and correct vacuum

The sufficient but not necessary conditions for vacuum stability and correct vacuum in
the LRSM are worked out in [104] and listed below (simple analytic formula can only be
obtained in the condition ag = 0):

3 — 2p1
pr>0, p2>0, p3>2p1, \P4\<%+P27

ay + 2y p1 >0, ag +az+2/A\ip1 >0,

RN U PR S B WS, S DA
aty (A + A2 g )T

)\2
041—1-0;34-2$ </\1+/\3—2)\2—4>p1 >0,

DY

a1+ 5+ 20/ + X+ 200 — Aal)pr >0,

2y/min|fssplp1 — ‘ ap + % <1 - Sign(a:%)M)H >0,

2minfgsp]p3 — [041 + % (1 - Sign(a:’,)\/ﬁ)} i >0,

20105 — [041 + % (1 - Si@(%)ﬂ)] 3 >0, (B.1)
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where i} = p2 4 2043, with the definition ne™ = Tr[®@®T]/Tr[®1®], the parameter o is
defined via o = ncosw, and

A1 >0, n=0c=0
A — b >0 C0<n= gl <10 = 5
L= 2o+ xs ’ = 2ot ’ 2X2t+As (B.2)

A+ A3+2(A2—|\]) >0, n=1,0 = —sign(\y)
2
A1+)\3_2A2_&>07 <:4’A2’>’)‘4’777:170—:_&7

fssB =

where the condition structure “p < ¢” means p needs to be checked if and only if the
condition ¢ is true. In this paper, we have chosen A3 34 = 0, which corresponds to the case
of n=0=0.
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