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Naturally small Dirac neutrino mass and B — L dark matter
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In the conventional gauged B — L extension of the standard model, the B — L charge of the singlet scalar
- responsible for the breaking of U(1)z_, symmetry, is taken to be 2, such that it can anchor type-I seesaw
by giving Majorana masses to the right-handed neutrinos, v. In this paper, we consider instead the cases
x ~ 3 or4under B — L, so that vz may not acquire any Majorana mass and neutrinos are Dirac fermions.
We then consider a vectorlike fermion S with two units of B — L charge, which becomes a good candidate
for dark matter, either Dirac for y ~ 3 or Majorana for y ~ 4. In both cases, spontaneous B — L breaking can
induce a strong first-order phase transition, producing stochastic gravitational waves (GW), which can be
tested at GW experiments. Moreover, the presence of light v/5s gives rise to an additional contribution to the
effective number of relativistic degrees of freedom, AN, providing complementary constraints from

current and upcoming CMB observations.

DOI: 10.1103/386s-sj3r

I. INTRODUCTION

To allow for nonzero neutrino masses, the standard
model (SM) of quarks and leptons is routinely extended
to include three right-handed neutrinos vg. As such, the
model accommodates an additional well-known anomaly
free U(1) gauge symmetry B — L. The spontaneous break-
ing of U(1),_, is usually assumed to come from a singlet
scalar y with two units of B — L charge. Hence, vy acquires
a large Majorana mass, and the type-I seesaw mechanism
prevails [1-4]. However, there is a simple alternative. If the
B — L charge of y ~ 3, then a residual global U(1) lepton
number remains conserved, and neutrinos are Dirac fer-
mions. This idea was first pointed out [5] in a different
context, but it does not explain why these Dirac masses are
so small. To do this, we borrow another existing idea, as
first pointed out years ago [6]. Assume a Z, discrete
symmetry, under which vy is odd. Add a second Higgs
doublet 1 = (5*,7°), which is also odd. Require all
dimension-4 terms in the Lagrangian to obey Z, but break
it softly by the quadratic term 77®, where ® = (¢, ¢°) is
the SM Higgs doublet. With positive and large ,u,% in the
scalar potential i.e. pin'n term, the induced vacuum
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expectation value (1°) is naturally small, thereby guaran-
teeing small Dirac neutrino masses.

With the introduction of B — L gauge symmetry, an
interesting new scenario for dark matter (DM) emerges.
Suppose a singlet Dirac fermion S(= S; + Sg) is added
with two units of B — L charge. It has an invariant mass but
does not interact with any SM particle except through the
B — L gauge boson. Note that the dimension-4 term xS, vg
is forbidden by Z,. It is thus stable and is a good candidate
for Dirac fermion DM. In this paper, we consider this
model, as well as a similar one, where the B — L charge of y
is 4 [9]. If the B — L charge of y is 4, then it can couple to a
vectorlike fermion S as 7SS, where the B — L charge of S
is 2. Moreover, S can have a Dirac mass term: mSS. When y
gets a vacuum expectation value (vev), both S; and S may
acquire Majorana masses as well, resulting in two mixed
eigenstates, the lighter of which is a candidate for Majorana
fermion DM.

We mention in passing that in the canonical choice of
x ~ 2 in the B — L symmetric model, where the Majorana
masses of light neutrinos are generated through type-I
seesaw, the introduction of a Dirac fermion S ~ 2 under
B — L also works as dark matter. However, in this case, the
dimension-5 y'x"S; ¢S,  terms are admissible, making it
only pseudo-Dirac. Other choices of B — L charges for y
and S are also possible for Dirac neutrino mass and dark
matter, as can be easily worked out.

ISee Refs. [7,8] for examples of radiative Dirac neutrino mass
generation and references therein.
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I1. DIRAC NEUTRINO MASS AND AN ¢t

The SM gauge group is extended with U(1),_,, which
introduces nonzero chiral anomalies. These anomalies get
automatically canceled once three right-handed neutrinos
(vg) are added with U(1),_; charge —1. An additional Z,
symmetry is also introduced, under which vz is odd, to
forbid the L ® vy interaction. To forbid Majorana masses of
right handed neutrinos, the B — L charge of the singlet
scalar y, responsible for breaking U(1),_, , is givena 3 or 4
charge. These two choices of y charge lead to two different
types of dark matter scenarios, as will be discussed later. To
realize the Dirac neutrino mass, one Z, odd scalar doublet
n= (n",n°) is added with B — L charge of 0. The Z,
symmetry is softly broken by @7y interaction, which in
turn results in naturally small Dirac neutrino mass. The
particles and their charge assignments are shown in Table 1.
The relevant Yukawa Lagrangian can be written as

Lyukawa = —YrL fivg +Hec., (1)

The scalar Lagrangian is given as
Lycatar = D@ + Dyl + Dy = V(®@,,) + Hee.,
(2)

where D, =0, +i{o,Wi+i{B, and D, =d,+
i3(4)gsL(ZgL),,» ggL is the new gauge coupling. The scalar
potential is given as

V(®.n.y) = —pu®T® + 1,(DTD)? + p2n'n + 4,(n'n)>
— 1y + 40 x)? + 4 (D7) (n'n)
_ Ao
+ (@) (n'®) + 53 [(@n)* + (n®)?]
+ 43D + Ay (OT D) (7y)
+ Ay, (') (r*x) + Hec. (3)

In the effective theory, the scalar fields can be para-
metrized as

0 nt ¥y +v
o= <h+vh)’ n= <17R+1f,,+i17,>7 X = \/—l, (4)
V2 T 2

TABLE 1. Particles and their charge assignments under
U(1)g_, X Z, symmetry.

Particles U(l)g_, Z,
L -1 +
(0] 0 +
VR -1 -
n 0 -
X 3(4) +

where vy, v,, v

, are the vevs of @, 7, and y, respectively.

2
. . v .
We note that # acquires an induced vev, v, ~ \;‘i‘m’z’ _ which
’]R

is naturally small by considering ,/m,, to be small. The
ng and 7, masses are related as m2 —m? = l;v;.
Assuming m, > my,, m,, we neglect the mixing between
h —n and y — 5. The relevant scalar mixing for our purpose
only exists between & — y. Mass matrix for the CP even

states in the basis (hy) is

MZ B < 2/1;,1)%! /q.h)(l)hvl> (5)
Vv, 24,05
The mixing angle is given as
//{h vpv
tan2y = —F X (6)
A% = vy

The Dirac neutrino mass can be realized at tree level as
shown in Fig. 1. Neutrino mass is given as

1 v
2 Yh
m, = YyYrU, =2 Yp—5 U] —=. 7
v R%n R%RMI\/E ()

Assuming m, ~0.05eV and ygr~107%, we get

05 %1075,
In this scenario, the presence of light right-handed

neutrinos vy can give rise to an additional contribution
to the effective number of relativistic degrees of freedom
(d.o.f.), AN . In the absence of these additional light
d.o.f., the SM predicts a precise value for the effective num-
ber of relativistic species, namely, NSy = 3.045 [10-12].
Depending on the value of yp, both thermal and nonthermal
production of vz can occur. For sufficiently large values
of the coupling yz, the vy states can be thermalized
through processes such as vpv; — vpyp, Vg™ — Vgl
v = vgn™, and vgng,; = vgig,;- If the interaction rates
of these processes fall below the Hubble expansion rate
before the decoupling of the SM neutrinos, vp and vy,
subsequently evolve with different temperatures. The
resulting population of relativistic v then contributes to
AN, as given by [13]

_X____

'n
1
vy, 1 VR
. L L
FIG. 1. Tree-level Dirac neutrino mass.
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[Lefi:] parameter space delineating the thermal and non-thermal regions in the m,~yx plane. The color code denotes y; values.

[Right:] AN as a function of y for three values of y, as indicated in the inset. Constraints from current CMB observations and
projected sensitivities of future CMB experiments are shown by different colored dashed lines.
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eff eff eff UR <g*s (szR)

where the T‘jR is the temperature at which v; decouples
from the bath and TffL is the SM neutrino decoupling
temperature which is ~1 MeV, N, = 3 is the number of
generations of v. In the left panel of Fig. 2, we present the
region of parameter space in the m,—yp plane where vg
becomes thermalized. The color code represents the values
of p;. Throughout the AN analysis, we fix the neutrino
mass scale to m, = 0.05 eV using Eq. (7). The colored
region corresponds to parameter values for which vy is
thermalized. In this regime, the resulting contribution to
AN is always larger than ~0.135 and is therefore
excluded by combined Planck + ACT [14]. The white
region represents the parameter space where a nonthermal
contribution to AN arises from the equilibrium decay of
n. In this case, the evolution of the energy density of vy is
governed by the following Boltzmann equation [15,16]:

dpyR 4ﬁVR 1 e
=- ET))n,
dz z * ETy

©)

T dg. M
where z =m, /T, =1 t 3. are (ET,) =2 x 255K,

H is the Hubble expansion rate, and n,? is the equilibrium
number density of . The AN is then computed at CMB
epoch as

AI\"eff:A’vaﬂ ’

v Tevs

(10)

where p, =2ZZT* is the energy density of the SM
neutrinos, and 7Tcyp ~0.26 eV. In the right panel of
Fig. 2, we display AN, as a function of yp for three
different choices of y;, as indicated in the inset of the

figure. The color coding represents the mass of 7. As yz
decreases, the contribution to AN correspondingly
increases. From this analysis, we find that DESI [17]
excludes the region with m, <240 GeV. The Planck
[18] data exclude m, <260 GeV. The ACT [14] data
exclude m, <250 GeV, while the combined Planck +
ACT [14] analysis excludes m, < 300 GeV. Future mea-
surements by SPT-3G [19] are expected to exclude
m, < 330 GeV, CMB-S4 [20] will probe values down to
m, < 380 GeV, and CMB-HD [21] will be sensitive to
regions with m, < 460 GeV.

III. FREEZE-OUT RELIC OF DARK MATTER

We assume the reheating temperature of the Universe is
much larger than the U(1),_; symmetry-breaking scale,
v,. As aresult, the DM can be thermally populated because
of its B — L gauge interactions. Based on the charge of
U(1)p_, symmetry breaking scalar (y), we consider two
separate scenarios: A) DM (§) is a Dirac fermion (y ~ 3),
and B) DM (S) is a Majorana fermion (y ~ 4).

A. Dirac dark matter

We add a singlet vectorlike fermion, S(= S; + Sg), with
B — L charge of 2. Since the B — L charge of the scalar y is
chosen to be 3, it cannot couple to SS. Also, the dimension-
4 term yS, vy is forbidden by Z,. As a result, S behaves as
Dirac DM in this scenario. The DM Lagrangian can be
written as
LB = Siy*D,S — mgSS, (11)
where D, = d, + i2gg.(ZpL),- The gauge boson, Zg
acquires a mass, my, = 3gg v, after the breaking of
U(1)g_;- In this case, the DM S is thermalized through
the gauge interactions mediated by Zg; . As the temperature
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FIG. 3. Correct DM relic parameter space in gg — 1y, plane
for six choices of DM masses shown with different colored lines.
Constraints from CMS [25], ATLAS [26], LHCb [24], NA64
[27], BABAR [28], COHERENT [29], N (Planck) [30] are
shown with different shaded regions.

falls below the mass scale of S, it gets decoupled from the
thermal bath, leaving a relic of S.

In this scenario, the free parameters relevant for relic
density calculation are {mg = mpy,v,,ggL}. The relic
density suffers a sharp fall near the Zg; resonance. The
DM relic can be satisfied for a large range of DM mass by
utilizing the resonance effect. In the Fig. 3, we show the
correct relic density parameter space in the plane of gg; Vs
my,, for six different values of DM mass, as shown with
different colored lines. The light-colored part of each line is
excluded from the direct detection experiment, LZ [22].
The dark-colored part of each line, which is the resonance,
is allowed by both the direct detection and relic density
constraints. For DM mass of 500 MeV, the constraint from
the DM-e scattering experiment PandaX-4T [23] is shown
with the dark red solid line. The constraint from LHCb [24]
is shown with a green shaded region. The CMS [25] and
ATLAS [26] constraints are shown with gray and red
shaded regions, respectively. The constraints from NA64
[27], BABAR [28], COHERENT [29], and N (Planck)
[30] are shown with light blue shaded, yellow shaded, and
pink shaded regions, respectively.

B. Majorana dark matter

We now turn to the possibility of a Majorana DM. If we
extend the Dirac neutrino mass setup with the choice that
B — L charge of y is 4 instead of 3, then the introduction of
two chiral fermions S; and Sy having two units of B — L
charges results in Majorana fermion DM. These chiral
fermions couple to y and acquire Majorana masses. They
maintain a Dirac mass as well, just as before. On the other
hand, v cannot couple to y or S, so that neutrinos remain
Dirac and S is in the dark sector. The dark sector
Lagrangian can be written as

Lo = 5, ip"D, Sy, + Sgir*D, Sk — »1SES.xt
— 928GSrx" — myy(SkSL + SLSk). (12)

We can now write the dark sector mass matrix in the
basis (S;5%) as

<o (ML M2 St
5750 J) 0y
mp; Mg Sk
where m; = /2y, vy, Mg = \/Eyzvx. This mass matrix can

be diagonalized with an orthogonal matrix, with a rotation
angle given as

2
tan20 = 12 (14)
mg—mg

resulting in two Majorana mass states Sy, S, as §; =
(Si, +55)/v2, where

Sy, = cos @S, + sin S, (15)
Sy, = —sinfS; + cos 0SS, (16)

with masses mg and myg,.
The Yukawa couplings y;, y, and m;, can be expressed
in terms of physical masses and mixing angle as

_mg, cos” 0 + myg, sin” 0

= , 17
Y1 \/EUI ( )
_mg, cos? 0 + mg, sin* 0 (18)

y2 - \/EUX )
mi, :@sin%. (19)
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FIG. 4. Correct DM relic parameter space in gg; — my, plane.
Constraints from CMS [25], ATLAS [26], LHCb [24], NA64
[27], BABAR [28], COHERENT [29], N (Planck) [30] are
shown with different shaded regions.
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TABLE II.

Benchmark points giving rise to observable gravitational wave signatures while satisfying constraints from DM relic

density, direct detection, and colliders. The BP1 and BP2 are shown with red stars in Figs. 3 and 4, respectively.

m, (GeV) mpy (GeV) T, (GeV) T, (GeV) T, (GeV) Ty (GeV) @,  p/H,

BPs JBL v, (GeV) A
BP1 0.217767 47756 0.0035536  4026.09 1.5 x 10*
BP2 0.358904 8042.41 0.071633  3044.09 5719.44

2024.88
1820.76

3043.04
1854.05

0.8063 288.67
0.0865 253.15

9793.52
2915.57

2134.87
1907.68

The gauge boson, Zg;, acquires a mass, mz, = 4gg v,
after the breaking of U(1),_; . The free parameters relevant
for relic density calculation are {mg = mpy,v,,m,,
siny, gg.}. In Fig. 4, we show the points that satisfy both
relic density and direct detection constraints in the plane of
gpL VS mz, . The color code denotes the DM mass. Here,
we have fixed mg, —mpy =10GeV, sinf=1072. The other
parameters are varied as follows: {mpy €[1,10°] GeV,
gsL €[107%,1], siny €[1074,0.7], v, €[1,10°] GeV}. In
this case, depending on the masses of DM, y and Z; the
following channels contribute in the relic density determi-
nation: {8,S, = ff.yx. yh,hh,yZg ,hZg;,Zg1 ZgL}. As
expected, with increasing mass of Zg;, the cross section
decreases, which is compensated by increasing gg;. The
constraint from LHCb [24] is shown as the green shaded
region. Constraints from CMS [25] and ATLAS [26] are
depicted by the gray and red shaded regions, respectively.
Bounds from NA64 [27], BABAR [28], COHERENT [29],
and N (Planck) [30] are shown as the light blue, yellow,
and pink shaded regions, respectively.

IV. GRAVITATIONAL WAVES FROM U(1),_,
SYMMETRY BREAKING

The model also presents intriguing cosmological detection
prospects through stochastic gravitational waves, providing a
complementary probe of its viability. These gravitational
wave signatures originate from the phase transition associ-
ated with the spontaneous breaking of U(1)g_,. This
symmetry is broken when the scalar y acquires a vev.
A first-order phase transition (FOPT) can occur if the true
vacuum, where U(1);_, is broken, has a lower energy
density than the high-temperature false vacuum, with a
potential barrier separating them. To get the parameter space
in which an FOPT occurs, we analyze the structure of the
effective potential incorporating the tree-level potential V.,
the one-loop Coleman-Weinberg correction Vyw [31], and
finite-temperature corrections [32,33].

The critical temperature 7., at which the potential
develops two degenerate minima (0, v,.), is determined
by studying the temperature evolution of the potential. The
ratio v, /T serves as the order parameter, with larger values
indicating a stronger first-order phase transition (FOPT).
The FOPT proceeds via quantum tunneling, with the
tunneling rate estimated by calculating the bounce action
S3. The nucleation temperature 7, is then obtained by

equating the tunneling rate per unit volume to the Hubble
expansion rate of the Universe, ['(T,) = H*(T,).

For a strongly supercooled transition (such as BP1),
characterized by 7,/T, <1 and «, > 1,7 the standard
treatment evaluated at 7', is insufficient. The phase tran-
sition does not complete at 7,, it completes at the
percolation temperature 7, < T, defined as the temper-
ature at which enough bubbles of true vacuum have
nucleated and grown to fill ~71% of space.
Furthermore, when the bubble network percolates at T,
the latent heat is released into the plasma, reheating the
Universe to the temperature T, > T'),. Since gravitational
waves are produced at bubble collision and subsequently
redshift from T, the GW spectrum must be evaluated
using the parameters: strength of the transition (a,) and
inverse duration of the transition (f3/ H|T,,) defined at T,

with T, as the reference temperature. The details of this
analysis are given in Appendix B

We then compute the key parameters required to estimate
the stochastic gravitational wave (GW) spectrum originat-
ing from bubble collisions [34-38], sound waves in the
plasma [39-42], and plasma turbulence [43-48]. The
stochastic GW energy density receives contributions from
three main sources: bubble wall collisions, sound waves in
the plasma, and magnetohydrodynamic turbulence. The
total GW spectrum can be expressed as the sum of these
individual components,

QGth ~ Qcolhz =+ sth2 + Qturbhz' (20)

We choose two benchmark points for GW from the Dirac
DM (BP1) and Majorana DM (BP2) scenarios discussed
above. In case of Dirac DM, as there is no interaction
between the scalar field y and the fermion, S, the FOPT is
driven by the parameters {v,,gg, 4,} only. On the
other hand, in the case of Majorana DM, the Majorana
fermions interact with y and modify the Coleman-Weinberg
potential. The FOPT sensitive parameters in this case are
{v,.981.4,, Y1, y2}. The parameters are given in Table II.
The values of y;, y, corresponding to BP2 are 0.502866
and 0.503746, respectively.

Zan is the strength of the FOPT computed at the nucleation
temperature, , = €(T,,)/pwa(T,), € is the latent heat. For the
BP1, a, = 3.2059 and for BP2 it is computed to be 0.0741.
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FIG. 5. Gravitational wave spectrum for benchmark points
satisfying DM relic as given in Table II.

BP1 is found to be strongly supercooled, with 7',,/T, =
0.22 and a, = 3.21, indicating that the vacuum energy
dominates over the radiation energy density already at T,.
In this regime, the standard GW analysis evaluated at 7', is
insufficient, and a careful percolation analysis is required. We
compute the percolation temperature 7', using the full Hubble
rate including the vacuum energy contribution as detailed in
Appendix B. This yields T, = 2024.88 GeV and, from
energy conservation, the reheating temperature 7, =
3043.04 GeV. The strength parameter a, = 0.8063 < 1
confirms that at 7, the transition is no longer vacuum
dominated, percolation completes successfully. For BP2,
with T, /T, = 0.65 and a,, = 0.074, the transition is only
mildly supercooled and the corrections are moderate:
T, = 1820.76 GeV, T, = 1854.05 GeV,and a,, = 0.087.

In Fig. 5, we show the gravitational wave amplitude as a
function of frequency for BP1 and BP2 as mentioned in
Table II. Sensitivities from LISA [49], DECIGO [50],
uARES [51], BBO [52], CE [53], ET [54], aLIGO,
aVIRGO [53] are shown with different colored shaded
regions. The peak amplitude lies in the sensitivity ranges of
LISA, DECIGO, and BBO.

V. CONCLUSIONS

In this paper, we studied a variant of gauged B — L
symmetric model where the singlet scalar y, responsible for
breaking the U(1),_, symmetry, has B — L charge 3 or 4.
As a result, the right-handed neutrinos (vz with =1 B — L
charge) do not acquire any Majorana masses even after the
B — L symmetry is broken. If the B — L charge of y is 3,
then we find a possibility of a Dirac fermionic dark matter.
On the other hand, if the B — L charge of y is 4, then the
DM can have both Dirac as well as Majorana masses,
leading to a pseudo-Dirac DM candidate. In either case, the
correct relic density of DM can be achieved through freeze-
out of various processes. The model further predicts
distinctive cosmological signatures in the form of

stochastic gravitational waves generated during the first-
order phase transition associated with the breaking of the
U(1)g_; symmetry, which can be probed at present and
future gravitational wave experiments. In addition, the
presence of light right-handed neutrinos in this framework
leads to a potentially observable contribution to AN
through their thermal or nonthermal production in the early
Universe. Current and future CMB observations therefore
provide a complementary and powerful probe of this
scenario, offering an independent test of the Dirac neutrino
sector beyond laboratory experiments.
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APPENDIX A: FEYNMAN DIAGRAMS
RESPONSIBLE FOR THERMALIZATION OF vy

In Fig. 6, we present the Feynman diagrams of the
processes responsible for maintaining thermal equilibrium
among vy and the Standard Model bath.

APPENDIX B: DETAILS OF SUPERCOOLED
FIRST-ORDER PHASE TRANSITION

The spontaneous breaking of the U(1)yz_;, symmetry
occurs through a first-order phase transition once the scalar
y develops a vacuum expectation value. In the usual
approach, the resulting gravitational-wave spectrum is
computed at the nucleation temperature 7',, defined as
the temperature at which, on average, one bubble nucleates
within one Hubble volume during one Hubble time. This
treatment, however, becomes unreliable in the strongly
supercooled regime, where T,/T, <1 and a,> 1. In
such cases, a more refined description of the phase
transition is necessary. In this appendix, we briefly describe
the improved treatment based on the percolation

N/
VR vr VR /m/ n vR

v vy, r/nr VR 0

VR ——————— VL, VR ——T------ Nr/Mr VR ——
'
'
YV y
\nr/n1 L e
'
v, —— g R[N - —»—— VR AR L vp

FIG. 6. Diagrams contributing to the thermalization of vp.
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temperature 7', and the reheating temperature 7', and
apply it to both benchmark points in Table II. The thermal
nucleation rate of true-vacuum bubbles per unit volume is
given by

o= (B1)

where S5 is the bounce action. The nucleation temperature
T, is then defined by the condition I'(T,)/H(T,)* ~ 1.
While T, marks the onset of nucleation, it does not describe
when the transition actually completes. To quantify this, we
compute the average number of bubbles nucleated per unit
volume, weighted by their physical volume [55-57],

drvd, [Te  dT’ T dr’ 3
= - (T — B2
3 /T T*H(T) ( )< T H(T”)) - (B2)

where v,, ~ 1 is the bubble wall velocity and the Hubble
rate H includes the contribution from the false vacuum
energy AV(T) =V(0,T) — V(v,,T) along with the radi-
ation energy density p.4, Which can dominate over the
radiation energy density in the supercooled regime and is
given as

I(T)

H =

\/pmd<T> +AV(T) (83)

3M§1

with M} = 2.435 x 10'® GeV is the reduced Planck mass.
The percolation temperature 7', is defined as the temper-
ature at which enough bubbles have nucleated and
expanded to fill approximately 71% of space, so that the
bubble network percolates, and the transition completes
throughout the universe. This condition is expressed in
terms of the false vacuum fraction as

1.0

0.8}
g 0.61
< 0.4}

0.2f|— PruelT) = /@

----- Pgse = ™~ 0.71
ool T, : 2025 GeV ‘ ‘ F
2100 2080 2060 2040 2020 2000
T [GeV]

Pre(T,) = e71T0) % 0.71 = 7034, (B4)
Once percolation completes at T',,, the latent heat stored in
the false vacuum, AV(T,), is rapidly converted into
radiation through bubble collisions. This reheats the plasma
from T, to the reheating temperature T,, determined by
energy conservation,

prad(Treh) = prad(Tp) + AV(Tp)' (BS)
Since gravitational waves are produced at the moment of
bubble collision and subsequently redshifted from 7,
when the Universe reenters radiation domination, the GW
spectrum must be evaluated using parameters defined at T,
and T, rather than 7,. The phase transition strength
parameter is

e(T))
=t B6
b prad(Treh> ( )
where latent heat € is given as
T,dAV
T, =AV(T,)--L2—1| , B7
() =av(ry) - LG @)
and the inverse duration of the transition is
p d(S3/T)
— =T,—=| . B8
Hip P dr T (B8)
P P

In Fig. 7, we show Py (T) as a function of temperature for
both benchmark points. The red dashed line marks the
percolation threshold Py = ¢ %3 ~0.71. The vertical
green dotted line indicates T',.
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FIG.7. False vacuum fraction Py (T) = e’ (7) as a function of temperature for BP1 (left) and BP2 (right). The red dashed line marks
the percolation threshold Pgye = e~ ~ 0.71. The vertical green dotted line indicates T,.
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