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Abstract Within classically conformal models, the spon-

taneous breaking of scale invariance is usually associated to

a strong first order phase transition that results in a gravi-

tational wave background within the reach of future space-

based interferometers. In this paper we study the case of

the classically conformal gauged B–L model, analysing the

impact of this minimal extension of the Standard Model on

the dynamics of the electroweak symmetry breaking and

derive its gravitational wave signature. Particular attention

is paid to the problem of vacuum stability and to the role of

the QCD phase transition, which we prove responsible for

concluding the symmetry breaking transition in part of the

considered parameter space. Finally, we calculate the grav-

itational wave signal emitted in the process, finding that a

large part of the parameter space of the model can be probed

by LISA.

1 Introduction

The recent detection of the first gravitational wave signal

by the LIGO collaboration [1] has opened a new observa-

tional window into the Universe. An important point of these

investigations concerns the dynamics of phase transitions that

occurred during the cosmological evolution, which may play

a central role in an array of topics spanning from the prob-

lem of the baryon asymmetry of the Universe [2–12] to the

quest for an ultraviolet completion of the Standard Model

(SM) [13–35]. To provide a concrete example, gravitational

wave astronomy has the potential to pinpoint the dynamics of

the phase transition behind the generation of the electroweak

scale, setting a new important benchmark for particle physics

models. In fact, whereas the SM supports a second order
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electroweak phase transition, many of its extensions instead

predict a first order phenomenon. In this case the electroweak

phase transition proceeds through the nucleation and conse-

quent expansion of bubbles that contain the true symmetry-

breaking vacuum. Collisions between the bubbles and the

motion in the plasma after bubble collisions then produce

gravitational wave signals that can be detected in the present

stochastic background by next-generation experiments such

as the satellite-based interferometer LISA [36].

In regard of this, classically conformal – or scale-invariant

– models [37–43] are an example of framework which typ-

ically induces a sizeable gravitational signature [20,30,44,

45], as thermal corrections here inevitably result in a poten-

tial barrier that separates the vacuum states of the theory.

Presently the interest in conformal models has been revived

for their possible connections with other problems in con-

temporary physics, involving for instance the origin of dark

matter, the mechanism of cosmic inflation, vacuum stability

or baryogenesis [46–48,48–69].

In this work we continue these analyses by considering

the classically conformal B–L model introduced originally

in Refs. [70–72] and further studied in Refs. [73–78].1 Dif-

ferently from previous studies [20], we pay particular atten-

tion to the impact of the SM QCD phase transition finding

it responsible for accomplishing the electroweak symmetry

breaking in part of the considered parameter space. The pro-

posed analysis goes beyond the results of Ref. [45] by pro-

viding a first estimate of the bubble size at percolation, which

allows for a reliable estimate of the gravitational wave signa-

ture of the model at hand. In line with the general results of

Ref. [85], we also find that thermal inflation [86,87] is a fea-

ture of the framework. In fact, the contribution of the poten-

tial energy difference between true and false vacuum states is

large enough to dominate the Hubble parameter at tempera-

1 We refer the reader to Refs. [79–84] for analyses of non-conformal

B–L models.
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tures below the critical one, and the inflationary regime may

last until the onset of the QCD phase transition with non-

trivial consequences on additional phenomenology [88,89].

The structure of the paper is as follows: after introduc-

ing the model in Sect. 2, we briefly discuss in Sect. 3 its

phenomenology at collider experiments and its impact on

cosmology. The effective potential, including the contribu-

tions of thermal corrections and QCD phase transition, is

presented in Sect. 4, whereas the relative analyses of per-

turbativity and vacuum stability are detailed in Sect. 5. The

electroweak phase transition is studied in Sect. 6, and the

resulting gravitational wave signature of the model is com-

puted in Sect. 7. Finally, in Sect. 8, we gather our conclusions.

2 The model

The model we consider is based on the symmetry group

SU(3)c ×SU(2)L ×U(1)Y ×U(1)B−L, with quarks and lep-

tons having a B–L charge of +1/3 and −1, respectively. The

particle content of the SM is extended to include right handed

neutrinos (RHN) νRi , required by the cancellation of the

U(1)B−L anomaly, and a complex scalar φ = (ϕ + iG)/
√

2

that only carries a +2 U(1)B−L charge. Notice that the SM

Higgs doublet H = (G+, (h + iG0)/
√

2) transforms as a

singlet under U(1)B−L.

The scalar sector of the model is characterised by the fol-

lowing tree-level potential,

V = λH (H† H)2 + λφ(φ†φ)2 − λp(H† H)(φ†φ), (1)

where we include the so-called ‘portal coupling’ λp between

the Higgs doublet and the new scalar field.

In this setup, radiative corrections induce non-trivial solu-

tions of the scalar potential minimization equation and conse-

quently result in a symmetry breaking pattern which, gener-

ally, can be approximated in two subsequent stages: (1) radia-

tive corrections produce an effective minimum of the poten-

tial along the ϕ direction. The field ϕ consequently develops

a non-vanishing vacuum expectation value (VEV), 〈ϕ〉 ≡
w > 0, and the B–L symmetry is spontaneously broken. (2)

The symmetry breaking dynamics is transmitted to the Higgs

sector via a positive portal coupling, which results in a nega-

tive mass term for the Higgs doublet: μ2
H = −λpw

2/2. As a

result, the electroweak symmetry is also spontaneously bro-

ken, and we have 〈h〉 ≡ v > 0 in concomitance with w > 0.

In Sect. 4 we discuss how a QCD phase transition prior to

the B–L breaking dynamics changes this symmetry breaking

pattern.

We anticipate that our work will focus on the case where

w ≫ v, as collider bounds disfavour the complementary

setup. The proposed symmetry breaking pattern is natural

in this limit and matching the observed Higgs boson mass

mh = 126 GeV and the electroweak VEV v = 246 GeV

forces the Higgs boson quartic coupling approximately to its

SM value, λH ≃ m2
h/(2v2). The portal coupling is instead

related to the VEV of ϕ by λp ≃ m2
h/w2.

The interactions of the RHNs are given by

−Lν = Y
i j
D νRi H̃†L L j +

1

2
Y

i j
M φ νc

RiνR j + h.c., (2)

and after the symmetry breaking result in Dirac neutrino

masses, as well as Majorana masses for the RHNs. This

implements the seesaw mechanism [90–93] in the model,

which ascribes the smallness of the measured (active) neu-

trino masses to a suppression factor given by the ratio

between the neutrino Dirac mass scale and the RHN Majo-

rana mass scale. In order not to clash with the bounds from

Big Bang Nucleosynthesis we will consider RHNs with

masses above 200 MeV.

The final ingredient of the model is a kinetic mixing term

for the U(1)Y and U(1)B−L gauge fields, which is generally

produced by quantum corrections even if set to zero at a scale.

After diagonalising the kinetic term, the U(1)Y × U(1)B−L

part of the gauge covariant derivative is given by

Dμ ⊃ igYqY B
μ
Y + i(g̃qY + gB−LqB−L)B

μ
B−L, (3)

where g̃ parametrizes the extent of the kinetic mixing and

q j , g j and B
μ
j are the charges, the gauge coupling and the

gauge fields, respectively. Given the charge assignment of

the extra scalar field φ, the spontaneous symmetry breaking

of the U(1)B−L symmetry will induce a mass for the cor-

responding gauge boson given after the diagonalization by

m Z ′ ≃ 2gB−Lw for w ≫ v. Notice also that in this case the

Z -Z ′ mixing angle is negligible.

3 Phenomenological consequences

The interactions contained in Eq. (2) link the present frame-

work to the problem of the origin of the baryon asymmetry

detected in our Universe. In fact, as RHNs acquire a Majo-

rana mass through the symmetry breaking of U(1)B−L, it is

possible to implement the leptogenesis mechanism for baryo-

genesis.

In standard scenarios of thermal leptogenesis [94,95],

RHNs with hierarchical Majorana masses Mi � 109 GeV

are thermally produced in the plasma after inflation. As the

Universe expands, an original lepton, or B–L, asymmetry is

generated via the CP-violating out of equilibrium decays of

the RHNs, and consequenlty partially converted into a baryon

asymmetry by the SM sphaleron processes. Remarkably, pos-

sible pre-existing B–L asymmetries can be efficiently washed

out owing to the interplay between flavour effects and the

123



Eur. Phys. J. C (2019) 79 :601 Page 3 of 11 601

RHN mass hierarchy [96–98]. In terms of the present anal-

ysis, implementing a standard leptogenesis scenario would

force the Z ′ mass scale well above the reach of contempo-

rary collider experiments, being this parameter sourced by

the same VEV w behind the RHNs mass scale. On general

grounds, we also expect sizeable coupling in Eq. (2) that

could drive the running of the scalar sector parameters.

As an alternative, it is possible to consider a scenario

where RHNs with masses comparable to, or below, the elec-

troweak scale, can produce the required baryon asymmetry

via CP-violating flavour oscillations [99]. More in detail, the

complex non-diagonal Majorana Yukawa matrices in Eq. (2)

induce CP-violating νRi ↔ νR j transitions, which conserve

the overall lepton number but violate the lepton number of

individual flavours. In this way, provided that at least one

species of RHNs remains out of equilibrium while the SM

sphalerons are active, the lepton asymmetry transmitted to

the SM by the remaining RHN species will be reprocessed

by the same sphaleron processes. Within the context of the

conformal B–L model, Ref. [77] adopted this mechanism to

explain the observed baryon asymmetry of the Universe.

Finally, a third possibility to generate the required baryon

asymmetry relies instead on L-violating Higgs decay, viable

for right-handed neutrinos with masses below the Higgs

boson mass [88,100]. In this case the asymmetry is domi-

nantly produced immediately before the offset of sphaleron

processes.

In the present work we implicitly assume either of the

last two scenarios in order to simplify our computations. In

fact, given the allowed RHN mass range, we can estimate the

typical size of the neutrino Dirac Yukawa couplings via the

seesaw formula,

yD ≃
√

mν Mν

v2
� 10−5, (4)

where Mν and mν are the mass scale of RH and active neu-

trinos, respectively. As a consequence, we can safely neglect

the role of these parameters in determining the radiative cor-

rections to the scalar sector. The same holds for the remaining

couplings in Eq. (2), provided that RHN do not exceed the

electroweak scale:

yM = 4gB−L
Mν

m Z ′
� 0.1 gB−L. (5)

For the above estimate we adopted a conservative bound,

m Z ′ � 4 TeV, suggested by the current Z ′ searches for

gB−L � 10−1 [75,76,83]. The impact of future experiments

on this bound can be gauged by considering the prospects

for sequential Z ′ models at collider with increased luminos-

ity or center of mass energy. A machine with a luminosity of

3000 f b−1 and
√

s = 13–15 TeV [101] potentially results

in a lower bound only a few TeV higher than the current lim-

its. Differently, with a setup of 30 ab−1 and
√

s = 100 TeV

[102] as considered for the future circular collider, the bound

would increase by an order of magnitude and reach a ∼ 45

TeV limit for the sequential Z ′ case.

4 Effective potential

The full scalar potential selects a surface in the two-

dimensional field space and both the fields develop a non-

zero VEV at the minimum generated by radiative corrections.

However, for w ≫ v, the properties of the initial B–L phase

transition can be inferred by analysing the dependence on ϕ

only [103].

The one-loop finite temperature effective potential along

the ϕ direction is given by

Veff = V0 + VT , (6)

where the one-loop RG-improved T = 0 contribution is

V0 =
λφ(t)

4
ϕ4. (7)

The RG scale is chosen such that t = log(ϕ/μ0), where

μ0 is a reference scale. By using the above expression, we

find that the mass of the extra scalar approximately scales as

mϕ ≃ 0.4gB−Lm Z ′ .

The finite temperature part is

VT =
T 4

2π2

∑

j

k j JT (m j (ϕ)2 + � j (T )), (8)

where the sum runs over the B–L gauge boson, RHNs, the

scalar boson ϕ and the Goldstone boson G, and k j indicates

the intrinsic number of degrees of freedom (kZ ′ = 3, ki =
1, kϕ = 1 = kG,). The field dependent masses are given by

m Z ′(ϕ)2 = 4gB−L(t)2ϕ2 Mi (ϕ)2 = Yi (t)
2ϕ2/2,

mϕ(ϕ)2 = 3λφ(t)ϕ2, mG(ϕ)2 = λφ(t)ϕ2, (9)

and the Debye masses by

�Z ′(T ) = 4gB−L(t)2T 2,

�ϕ(T ) =
T 2

24

[

24gB−L(t)2 + 8λφ(t) +
∑

i

Yi (t)
2

]

,

�G(T ) = �ϕ(T ). (10)

Here, the thermal integral JT is defined as

JT (x) =
∫ ∞

0

dy y2 ln
[

1 ∓ e−
√

x+y2
]

, (11)
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with the negative sign for bosons and the positive for

fermions.

Notice that depending on the values of these parameters,

the U (1)B−L breaking phase transition might not occur above

the QCD phase transition temperature, TQCD = O(0.1 GeV).

In this case, the QCD phase transition induces an additional

linear term for the Higgs field,
∑

j y j 〈ψ j ψ̄ j 〉h/
√

2, which

consequently acquires a non-zero VEV, vQCD ≡ 〈h〉 =
O(0.1 GeV) [45]. In turn, the portal coupling then induces a

negative mass term for ϕ, so that at T < TQCD the effective

potential along the ϕ direction becomes

V
T <TQCD

eff = −
λp(t)v

2
QCD

4
ϕ2 + V

T >TQCD

eff , (12)

where V
T >TQCD

eff is given by Eq. (6). In our analysis we take

vQCD = TQCD = 0.1 GeV. It is then evident that the QCD

phase transition dynamics effectively inverts the symmetry

breaking pattern sketched in Sect. 2 on the parts of the param-

eter space where the colour confinement precedes the B–L

breaking.

5 Vacuum stability and perturbativity

The high-energy behaviour of a model can be inferred by

studying the renormalization flow of its parameters. The

requirement of desireable properties, such as stability and

perturbativity, then generally result in further constraints

on the low-energy parameter space of the framework under

examination.

Within the SM, for example, renormalization group meth-

ods indicate the allowed top quark and Higgs boson mass

windows through the requirements of (1) limited interac-

tion couplings (perturbativity), and (2) the absence of scalar

background configurations with energies below the EW one

(vacuum stability) [104,105], which crucially depends on the

value of the top quark mass. In regard of this, according to

present measurements of this parameter, the SM vacuum is

only metastable [106–110].

Many extensions have been proposed in the attempt to

overcome this puzzling feature of the SM. For instance the

simplest SM×U (1)B−L framework with explicit symmetry

breaking has been investigated up to next-to-leading preci-

sion in Refs. [82,111–117]. However, all these analyses con-

firm that the extra Yukawa terms introduced in this simple

scenario generally worsen the overall high-energy behavior

of the model, in spite of the stabilizing effect of scalar mix-

ing and gauge couplings. An exception to these conclusion

is provided by classical conformal models [74–76], where

the requirement of a radiative U (1)B−L breaking bounds the

magnitude of the parameters in the Majorana neutrino mass

matrix.

In fact, as shown in Ref. [70], the presence of a radia-

tively generated minimum breaking the B–L symmetry can

be inferred independently from the SM Higgs background.

Along the ϕ direction, the minimization of the effective

potential reduces to a single scale problem,

dV0

dϕ
=

1

4
ϕ3

(

βλφ
(t) + 4λφ(t)

)

= 0. (13)

Notice that in writing Eq. (13) we assumed negligible val-

ues of the portal coupling λp, as required for v ≪ w. As

a consequence, scalar mixing cannot be invoked here to

stabilize the SM vacuum. The analytical minimization of

the effective potential, resulting in the boundary condition

βλφ
+ 4λφ = 0 for t = log(w/μ0), ensures that the h-

independent part of the effective potential reaches its mini-

mum at 〈ϕ〉 = w and increases elsewhere. Therefore, consid-

ering also the smallness of λp, in the conformal B–L model

instabilities can only be generated along the Higgs direc-

tion.

The sign of the second derivative of the effective poten-

tial in the ϕ direction, as computed from the non-trivial

solution of Eq. (13), receives a positive contribution from

the gauge sector and a negative one from the Majorana

Yukawa couplings. Hence, for w to be in correspondence

of a minimum of the potential (or, equivalently, to pre-

vent a tachyonic scalar mass), the RHN Majorana mass

scale must satisfy Mν < m Z ′/21/4 [75] (enforced in the

present case by Eq. (5)), in line with similar bounds con-

cerning the evolution of λp and the following instabil-

ity [82,115].

Within the classical conformal case, the high-energy

behavior of the model is therefore shaped by the extended

gauge sector, which enters the RGE of the scalar sector

through the gauge coupling gB−L and the mixing parame-

ter g̃. The kinetic mixing, in particular, affects the evolution

of λH already at the one-loop level, allowing to solve the

issue of the SM instability when the mixing is sizeable. This

is explicitly shown in Fig. 1, where λH is plotted as a func-

tion of the renormalization scale for three different values of

g̃. The indicated values of the couplings have been set at the

w scale.

The results of our analysis concerning the perturbativity

and stability of the model are presented in Fig. 2.2 The shaded

areas in both the panels indicate the regions of the parameter

space where the symmetry breaking vacuum of the model is

stable up to three reference scales, which we chose as the

instability scale of the pure SM (109 GeV), the grand unified

theory (GUT) scale (1015 GeV) and the Planck scale (1019

2 Because of the hierarchy in the scales of the model, the RG equations

have been solved by matching the SM evolution to the full model flow

at the Z ′ scale.
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Fig. 1 The evolution of λH (t) as a function of the renormalization

scale for gB−L = 0.1, m Z ′ = 105 GeV and three different values of g̃.

All couplings have been set to the indicated values at the w scale

GeV). Similarly, the perturbativity of the model (all cou-

plings <
√

4π ) can be retained well beyond the Planck scale

in the region enclosed by the black dashed line. The dashed

line and the solid line, instead, single out the parameter space

where perturbativity is maintained until the Planck and GUT

scales, respectively. On the outside of the solid contour, the

perturbativity scale of the model does not exceed the scale

of instability of the SM. As shown in the upper panel, the

model is perturbative up to the Planck scale, and the elec-

troweak vacuum is stabilised for g̃ ≃ −0.5. We therefore

adopt this value for the mixing parameter in the following

analysis, anticipating that the phase transition dynamics do

not significantly depend on this choice: g̃ does not directly

affect the one-loop effective potential, entering only the run-

ning of gB−L. To conclude the section, we remark that the

sudden change in the stability of the potential for values of

g̃ � −0.4 is due to the RG flow of λh shown in Fig. 1.

6 Phase transition

At very high temperatures, thermal corrections dominate the

potential and localize the fields at the origin, preventing the

formation of new minima that would result in the spontaneous

breaking of the symmetries of the model. This configura-

tion is maintained until the temperature decreased enough to

allow for the appearance of a second minimum in the poten-

tial, corresponding to a non-vanishing value of ϕ. We can

therefore define the critical temperature Tc as the temper-

ature for which the new, symmetry-breaking, minimum is

degenerate with the stationary point at the origin. We find

numerically that

Tc ≃ 0.3mZ′ ≫ TQCD. (14)

As the temperature further decreases, the symmetry-breaking

minimum becomes a global minimum of the potential, but

thermal corrections still result in a potential barrier that pre-

Fig. 2 Top panel: MZ ′ = 10 TeV. Bottom panel: g̃ = −0.5. In both the

panels, coloured areas indicate the region of the parameter space where

the stability of the symmetry-breaking vacuum is ensured up to the

scale indicated in the legend. Below the dotted, dashed and solid lines

we have the values of the parameters which allow the model to retain

perturbativity of all the couplings (all couplings <
√

4π ) beyond the

Planck scale, at most up to the Planck scale and at most up to the GUT

scale, respectively. Beyond the continuous black line, the model has

a maximum perturbativity scale not exceeding the pure SM instability

scale

vents the fields from leaving the origin. At temperatures

T ≪ Tc, the potential energy difference between the global

minimum and the origin is then sizeable, whereas the height

of the potential barrier progressively decreases. Quantum

tunneling effects can then drive the fields to the global min-

imum of the potential, starting a first-order phase transition
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Fig. 3 The evolution of S3/T for a benchmark point with m Z ′ =
10 TeV, gB−L = 0.26, and g̃(w) = −0.5. The Majorana Yukawa cou-

plings are assumed negligible

that proceeds via nucleation and consequent expansion of

bubbles inside of which the symmetry is broken.

The bubble nucleation rate per unit of time and volume

can be estimated as [118]

Ŵ(T ) ≃ T 4

(

S3

2πT

)
3
2

exp

(

−
S3

T

)

, (15)

where

S3 = 4π

∫

r2dr

[

1

2

(

dϕ

dr

)2

+ Veff(ϕ, T )

]

(16)

is the action for an O(3)-symmetric bubble. The largest con-

tribution into the above quantity arises from the classical path

which minimizes S3, corresponding to the solution of

d2ϕ

dr2
+

2

r

dϕ

dr
=

dVeff

dϕ
(17)

with boundary conditions dϕ/dr = 0 at r = 0, and ϕ → 0

at r → ∞.

The evolution of S3/T as a function of temperature is

shown for a benchmark case in Fig. 3. As temperature

decreases, S3/T also decreases and eventually results in a

sizeable bubble nucleation rate. However, below T = TQCD,

the QCD phase transition changes the behaviour of S3/T

inducing a negative mass term which cancels the thermal

potential barrier, in a way that S3/T eventually vanishes.

We can then define the bubble nucleation temperature Tn

as the temperature at which the probability of producing at

least one bubble per horizon volume in a unit of Hubble time

approaches unity [119],

Ŵ(Tn)

H(Tn)4
≃ 1. (18)

Notice that the Hubble rate H includes the contribution due

to the energy difference between the symmetry-conserving

Fig. 4 The bottom panel shows the behaviour of the characteristic tem-

peratures relevant for the phase transition (defined in the text) as a func-

tion of the B–L coupling. The middle and top panels show, instead, the

number of e-folds of thermal inflation and the average bubble separation

(at T = Tp in Hubble lengths), respectively. On the left of the vertical

dotted line at gB−L ≃ 0.42, the phase transition completes during the

vacuum dominated era, whereas on the left of the vertical dotted line

at gB−L ≃ 0.25 the phase transition dynamics conclude after the QCD

phase transition. Here m Z ′ = 10 TeV, g̃(w) = −0.5, and the Majorana

Yukawa couplings are assumed negligible

and symmetry-breaking vacua, �V (T = 0). This vacuum

energy dominates over the radiation contribution at

T < Tv ≃ 0.3Tc (19)

as long as the phase transition is ongoing, and results in an

epoch of thermal inflation.

Following Ref. [85], we proceed by computing the volume

fraction converted to the symmetry-broken phase at temper-

ature T ,

I (T ) =
4π

3

∫ Tc

T

dT ′ Ŵ(T ′)

T ′4 H(T ′)

(

∫ T ′

T

dT̃

H(T̃ )

)3

. (20)

The percolation temperature Tp is defined as I (Tp) = 0.34,

and here always satisfies the condition [85]

3 + T dI/dT < 0 (21)

enforcing that the physical volume of the patches still in the

symmetric phase of the theory decrease.

The lines in the bottom panel of Fig. 4 show the behaviour

of the different temperatures defined above as a function
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of the B–L gauge coupling, assuming m Z ′ = 10 TeV and

g̃ = −0.5 and neglecting the Majorana Yukawa couplings.

We see that percolation always takes place right after nucle-

ation. The relative difference between the two corresponding

temperatures is at its maximum immediately before the QCD

phase transition starts to affect the dynamics. The tempera-

ture Tco, represented by the lowest dashed line, signals the

vanishing of the thermal potential barrier. For small values

of gB−L this is due to the negative mass term induced by the

QCD phase transition, whereas for larger gB−L this is caused

by the running of λφ .

The middle panel of Fig. 4 shows instead that the num-

ber of e-folds of thermal inflation, N ≡ log(Tv/Tp), sig-

nificantly increases for lower values of gB−L. Consequently,

only for gB−L ≃ 0.42 the phase transition concludes during

the radiation dominated epoch. We find that N behaves as

N ≃ log(m Z ′/GeV) + C for Tp < TQCD, where C is a con-

stant that is mildly dependent on gB−L and C(gB−L = 0.1) ≃
1.0. CMB studies then bound m Z ′ from above through the

requirement that N � 60, as required by the observed per-

turbation spectra.3 The bound however is not very efficient:

for gB−L = 0.1 we have m Z ′ � 1025 GeV.

After the phase transition concludes, the vacuum energy

decays into radiation, consequently producing a plasma ther-

malised at a temperature Tv < Treh < Tc
4 shown by the

red line in the bottom panel of Fig. 4. We find that Treh

scales as m Z ′ , and if Tp ≪ Tv , the reheating temperature

is Treh ≃ Tv ≃ 0.09m Z ′ . Given the parameter values indi-

cated by collider experiments, the resulting temperature is

high enough to restore the electroweak symmetry. This will

be then broken in the same way as in the pure SM, as the tem-

perature decreases below T ≃ 140 GeV with the expansion

of the Universe.

Our results concerning the phase transition dynamics are

also presented in the first panel of Fig. 6, as a function of m Z ′

and gB−L. The color code indicates the percolation temper-

ature, the dashed lines show the number of e-folds of ther-

mal inflation, and the dot-dashed lines represent the reheat-

ing temperature. The thick black line highlights the contour

Tp = TQCD, below which the transition happens only after

the QCD one.

3 The presence of a second period of inflation potentially reduces the

required number of e-folds of primordial inflation indicated by the CMB

measurements. For instance, the requirement N ≪ 60 yields values of

the spectral index incompatible with observations within Starobinsky

models [120,121], selecting alternative frameworks for the primordial

inflation that predict a different dependence of this parameter on the

number of e-folds, see e.g. Ref. [122].

4 Notice that there is no observational lower bound on the percolation

temperature. Only after the phase transition, the reheating dynamics

must bring the plasma to a temperature above the Big Bang nucleosyn-

thesis one.

7 Gravitational wave signal

We now discuss the gravitational wave signal emitted at the

phase transition, focusing on strongly supercooled dynam-

ics, Tp ≪ Tc, that occur during the vacuum energy domi-

nance. We assume here that the bubble walls do not reach

terminal velocity before they collide, as the energy density

of the plasma is strongly depleted during the thermal infla-

tion period. Bubble collisions then source the GW spectrum,

which in the source frame is given in by [123],5

�GW(k) = (R∗ H∗�v)
2 0.035(k/k̃)3

(1 + 1.99(k/k̃)2.07)2.18
, (22)

as a function of the wave-number k = 2πν. Here k̃ = 3.2/R∗
corresponds to the peak frequency ν = νenv of the spectrum,

H∗ = H(Tp) is the Hubble rate,

�v =
8π �V (T = 0)

3M2
p H2

∗
(23)

is the vacuum energy density parameter, and

R−3
∗ = Tp

∫ Tc

Tp

dT ′

T ′2
Ŵ(T ′)

H(T ′)
e−I (T ′) (24)

is the average bubble separation [85] at the percolation tem-

perature. Our computations indicate that R∗ scales roughly

as m−2
Z ′ , so the product H∗ R∗ is basically independent of

m Z ′ . The dependence of H∗ R∗ on the B−L gauge coupling

is shown in the top panel of Fig. 4. Qualitatively, if the phase

transition takes place above the QCD scale (gB−L � 0.25),

we expect that decreasing values of gB−L lead to a progres-

sively larger H∗ R∗ because bubble nucleation rate decreases.

On the contrary, if the transition occurs below the QCD scale

(gB−L � 0.25), decreasing values of gB−L enhance the bub-

ble nucleation rate, which is driven here by the constant nega-

tive mass term induced by the QCD phase transition, leading

to decreasing values of H∗ R∗.

In order to predict the corresponding signal detectable

at gravitational wave observatories, we let the gravitational

waves emitted at the phase transition propagate until today.

This amounts to a scaling of amplitude and frequency given

by [126]

5 We remark that the numerical simulations in Ref. [123] were per-

formed for values of the bubble walls γ factor γ ∼ O(1), whereas the

same parameters can be substantially larger in the present model. As

recent studies indicate that large values of γ may result in minor differ-

ences in the spectrum [124,125], we expect that the results of Ref. [123]

hold at least in order of magnitude.

123
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Fig. 5 Gravitational wave spectrum for three benchmark points. Here

m Z ′ = 10 TeV, g̃(w) = −0.5 and the Majorana Yukawa couplings are

assumed to be negligible

�GW(T0)

�GW(Treh)
= 2.46 × 10−5

(

100

g∗

)1/3

,

ν(T0)

ν(Treh)
= 1.65 × 10−7Hz

Treh

H∗

( g∗
100

)1/6

, (25)

where g∗ = g(Treh) is the effective number of relativistic

degrees of freedom at the reheating temperature.

The gravitational wave spectra generated for three bench-

mark points are shown in Fig. 5. The signal is the strongest

for gB−L = 0.26, as for smaller values of this parameter

the phase transition takes place only after the QCD one. In

fact, as shown in Fig. 3, the slope of S3/T changes after

the QCD phase transition has induced a negative mass term

for ϕ, which effectively speeds up the process. This is man-

ifest in the top panel of Fig. 4, showing the average bubble

separation at Tp as a function of gB−L.

Our final results are summarised in Fig. 6. The left panel

shows the percolation temperature, the number of e-folds of

thermal inflation and the reheating temperature, as discussed

in the previous section. In all panels the thick solid black

line indicates where Tp = TQCD. Below this line, the phase

transition happens after QCD has already induced a negative

mass term for the ϕ field.

The middle and right panels of Fig. 6 characterise the

GW emission consequent to the phase transition. The middle

panel shows the peak frequency νenv and the amplitude of the

spectrum at the corresponding frequency, �GW(ν = νenv).

We see that the strongest GW signal is obtained when the

transition takes place immediately before the QCD one. The

shape of the peak frequency contours follows from the gB−L

dependence of R∗, shown in the top panel of Fig. 4, and

the peak frequency increases as a function of m Z ′ as the

spectrum is redshifted. The blue dashed line highlights the

frequency ν = 3 mHz to which LISA is sensitive the most.

The mild dependence of H∗ R∗ on m Z ′ is also evident from

the behaviour of the �GW(ν = νenc) contours (dot-dashed

lines).

Finally, our prospect for the detection at LISA of the GW

spectrum emitted in the considered model is shown in the

right panel of Fig. 6. The color code indicates here the ampli-

tude of the GW signal relative to the best sensitivity of the

experiment. In the A5M5 setup, (see Fig. 5), LISA would

Fig. 6 Results shown in the m Z ′ – gB−L plane for g̃(w) = −0.5. The

Majorana Yukawa couplings are assumed to be negligible. In all panels

the thick solid black line corresponds to Tp = TQCD contour, and the

thick dashed black line shows N = 0. The region on the left of the

gray line is excluded by the LHC searches. Left panel: The color cod-

ing shows the percolation temperature, while the dashed lines show the

duration in e-folds of the thermal inflation and the dot-dashed lines

indicate the reheating temperature, log10(Treh/GeV). Middle panel:

The color coding shows the peak frequency of the GW spectrum, and

the dot-dashed lines indicate the maximal amplitude of the spectrum,

log10(�GW(ν = νenv)). Right panel: The color coding shows the ampli-

tude of the GW spectrum relative to the LISA sensitivity at the frequency

to which LISA is sensitive the most
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be able to probe the whole region between the blue dashed

contours.6

Although GW foregrounds might not constitute an insur-

mountable obstacle for the detection of the predicted GW

signal [127], it is certainly true that most of the confor-

mal extensions of the SM proposed in the literature result

in comparable GW spectra. Whether the non-observation of

such gravitational signals could then question the realization

of scale invariance in Nature, it is unlikely that their detec-

tion will alone reveal the particle physics model behind the

phase transition. Distinguishing between the proposed mod-

els therefore calls for complementary observations, provided

in our case by possible detection of the Z ′ peak at future col-

liders.

We remark that our prediction of the GW spectrum is not

to be trusted in the region above the black dashed line, where

the phase transition concludes in the radiation dominated era.

In fact, in this case Eq. (22) is not applicable as GWs originate

from sound waves and turbulence in the plasma rather than

bubble collisions. Notice however that entering such a region

requires a substantial gB−L coupling, which according to the

bottom panel of Fig. 2 sets the perturbativity scale of the

model below the Planck scale.

8 Conclusions

In this work we furthered the study of the conformal B–

L extension of the Standard Model. After introducing the

framework and briefly reviewing its general phenomenology,

we focused on the phase transition dynamics that the scenario

supports and on the high-energy properties of the theory.

With the RG-improved potential for the scalar sector of the

theory at hand, we have identified a region in the parameter

space of the model that ensures the stability of the poten-

tial and the perturbativity of its parameters up to scales well

beyond the Planck one. In particular, we have found that the

electroweak vacuum instability is here rescued by the effect

of the gauge mixing, once the mixing parameter is set to

g̃ ≃ −0.5.

Assuming this value in the following analysis (which is

rather insensitive to this parameter), we then studied the sym-

metry breaking pattern supported by the model, originated by

the extra scalar field responsible for the radiative breaking of

the B–L symmetry. We find, in agreement with the earlier

results of Refs. [20,45], that thermal corrections prevent the

transition to the emerging symmetry breaking minimum of

6 Our analysis focuses on the LISA observational window, but the future

GW interferometers DECIGO and BBO will probe an even higher fre-

quency range. As the peak frequency of the emitted GW signal increases

with m Z ′ , we expect that these experiments will exhaustively explore

the parameter space of the model.

the effective potential in a large part of the considered param-

eter space. As a consequence, we see the rise of an epoch of

thermal inflation sourced by the potential energy difference

between the false and true vacua of the theory.

As originally pointed out in Ref. [45], we have shown that

the inflationary regime concludes, at latest, soon after the

onset of the QCD phase transition, when additional terms

induced in the scalar potential weaken the thermal contri-

bution and a first order electroweak phase transition takes

place. The potential energy density of the false vacuum is

then transferred to radiation in a second reheating process,

which generally is strong enough to restore once again the

electroweak symmetry. After the second reheating process

concludes, depending on the achieved reheating temperature

and the RHNs mass spectrum, the several leptogenesis mech-

anisms compatible with the framework give possibly rise to

the observed baryon asymmetry of the Universe. The elec-

troweak symmetry is instead finally broken after the temper-

ature has dropped below the electroweak scale, in the same

way as in the original Standard Model.

The main result of our investigation concerns the gravita-

tional wave signature of the conformal B–L SM extension,

emitted during the first order phase transition that follows

the thermal inflation epoch. Being based on a direct estimate

of the bubble size at percolation, our analysis improves on

earlier studies [20,45] and delivers the expected gravitational

wave signal over the whole parameter space of the model. We

find that the amplitude of the spectrum is sizeable enough to

fall within the reach of next-generation interferometers. In

particular, LISA will probe most of the parameter space con-

sidered in the present analysis.

Note added: The assumption that the bubble walls do

not reach terminal velocity has been closely scrutinized in

Ref. [128], after the present paper was finalized. This new

study has revealed that the assumption is justified as long

as the B−L gauge coupling respects an upper bound of

gB−L ≃ 0.25 − 0.3 on the Z ′ mass range considered in the

present paper, with larger values of the parameters leading to

a GW production sourced by the motion in the plasma rather

than bubble collisions. In this regime, we find that the results

shown in Fig. 6 still provide an order-of-magnitude estimate

for the amplitude and the frequency of the signal.
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