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We study stochastic gravitational wave production and baryon number generation at electroweak phase
transition with the two Higgs doublet models. The produced stochastic gravitational wave during the
strongly first-order phase transition can be probed by future space-based interferometers. The nonlocal
electroweak baryogenesis cannot address the observed Baryon asymmetry of the Universe successfully
in the strongly first-order phase transition parameter spaces due to the CP violation phase is severely

bounded by the electron electric dipole moment measurement ACMEII.
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1. Introduction

The Baryon asymmetry of the Universe is one of the fundamen-
tal and unsolved problems in particle physics and cosmology. The
electroweak baryogenesis (EWB), producing baryon asymmetry at
the electroweak phase transition, is one of the most popular mech-
anism to account for the Baryon asymmetry of the Universe due to
potentially testability in future colliders and electric dipole mo-
ment measurements [1,2]. Recently, the gravitational wave study
raises people’s growing interest after the observation of the bi-
nary black hole merger [3], and the approval of the space-based
detector LISA [4]. The observation of a stochastic gravitational
wave background produced at first-order phase transitions is one
promising target of LISA [5], since it can certainly provide impor-
tant information on cosmology and behind high-energy physics,
thus provide a novel opportunity to probe new physics beyond the
standard model [6,7].

The CP-violation beyond the standard model, as one crucial in-
gredient to address the BAU puzzle within EWB, can be tested
by the high precision electric dipole moment (EDM) measure-
ments [1]. The ACME further improved the sensitivity to the CP vi-
olation through the measure of electron EDM [8], which ruled out
a lot new physics models addressing BAU with EWB [9]." The con-
ventionally adopt EWB mechanism with chiral transport equations

* Corresponding author.
E-mail address: Igbycl@cqu.edu.cn (L. Bian).
1 The EDM measurements ruled out the nonlocal EWB with real or complex sin-
glet models studied in Ref. [59,60], with the dynamical CP violation scenario is an
exception [61-65].
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is historically called nonlocal baryogenesis, which has been stud-
ied and developed extensively (see Ref. [1] for a recent review).
The nonlocal EWB through one-step electroweak phase transition
(EWPT) usually requires a subsonic bubble wall velocity, i.e., typ-
ically vy ~ ©(1072),% to ensure there is enough time for the CP
violating diffusion processes to generate chiral asymmetry ahead
of the bubble which will be converted into net baryon asymmetry
by the electroweak sphaleron in the symmetric phase.> Meanwhile,
previous studies of the bubble wall velocity taking into account the
microphysics and hydrodynamics indicate that a large wall velocity
corresponds to a strong phase transition [10-15], and a relativistic
wall velocity is needed to produce a detectable gravitational wave
signal from the EWPT [16,17].

In this work, we study the baryon number preservation cri-
terion, the stochastic gravitational wave prediction at the phase
transition in the Type-I and Type-II two Higgs doublet models, and
the possibility to address the observed BAU with the nonlocal EWB
during the EWPT process with these models.

2. Strongly first order phase transition

The two Higgs doublet models (2HDMs) have been considered
as a good and renormalizable framework to address BAU problem
through nonlocal EWB [18,19]. For the study of phase transition,
we work within the CP-conserving 2HDMs since the CP violation

2 We note that the wall velocity in the SM and MSSM has been estimated to be
subsonic in Ref. [10,11,66].

3 See Ref. [67] for the case of two-step phase transition case, where EWB at high
wall velocities has been studied.
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Fig. 1. The phase transition strength v, /T, at nucleation temperature T, versus the
mass difference my —ma (my+ —mg). The left (right) panel shows the type-I (type-
1) 2HDM scenario.

allowed by the EDM experiments is believed to have negligible ef-
fects on the phase transition dynamics [18,20,21]. Theoretical and
experimental constraints are imposed as in Ref. [22], where the
type-Il 2HDM suffers more server experimental constraints (es-
pecially the measurement of B — X)) in comparison with the
type-I 2HDM scenario. Therefore, there are more parameter spaces
in type-1 2HDM can achieve a first-order EWPT. To estimate the
bubble nucleation situation, we adopt the first-order EWPT points
with v¢/T¢ > 1 in both type-I and type-Il 2HDM.

Our results are shown in Fig. 1. The figure depicts that, there is
more chance to achieve bubble nucleation with a relatively large
phase transition strength in type-I 2HDM. The tendency of the fig-
ure reflects the electroweak precision bounds and the alignment
assumptions [22], where a strong EWPT can be obtain in parameter
spaces with large mass splitting, which is consistent with findings
of Refs. [20,22-24]. As in previous studies, in this work we adopt
the thermal field theory of 2HDM around electroweak scale and fo-
cus on EWPT. It should be note that in some parameter spaces of
strong EWPT the large mass splitting corresponds to sizable quar-
tic Higgs couplings which may suffer from Landau pole beyond the
electroweak scale.

We now check the usually adopted strongly first-order phase
transition condition coming from the requirement of baryon num-
ber preservation criterion (BNPC) [1,25], which states that the elec-
troweak sphaleron process inside the electroweak vacuum bubble
(broken phase) should be sufficiently quenched [1,25,26]. We de-
fine the quantity of PTsp; as in Ref. [27],

@ _ 7y ¥ T 1)
T 100 GeV

The BNPC is met when the sphaleron rate in the broken phase is

smaller than the Hubble expansion rate [28,29],* which yields

PTspn =

PTgpn > (35.9 — 42.8) . 2)

The numerical range in the right hand side corresponds to the
fluctuation determinant uncertainty [26], which is comparable
with the uncertainty coming from the numerical lattice simulation
of the sphaleron rate at the standard model electroweak cross-
over [30]. We calculate the electroweak sphaleron energy Egpn(T)
with the approach given in Appendix A.

In Fig. 2, we present the relation among the electroweak
sphaleron energy Egpn(T), the phase transition strength v(T)/T,

4 Here, we note that, taking into account the bubble nucleation dynamics, one
have a much stronger bound on the BNPC, which could be ' < 10~3H [68], and the
duration of the phase transition can also alert the criteria given in Eq. (2) [25,69].
To settle down the prefactor of the I'ypy, and therefore to lower the uncertainty
of the criteria, lattice simulation of the Electroweak sphaleron inside the bubble is
necessary. At present, the lattice simulation is not able to perform for the larger
phase transition strength, and new method is required to cure the problem.
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Fig. 2. The PTgpy as a function of the phase transition strength v, /T, and the elec-
troweak sphaleron energy inside the broken-phase bubble. The left (right) panel
shows the type-I (type-II) 2HDM scenario.

and the quantity of PTs,, inside the vacuum bubble. With the in-
crease of the phase transition strength, the electroweak sphaleron
energy at the nucleation temperature is found to close to the SM
scenario (Essp",’]’ ~1.91 x 47v/g), where one have a large PTgy
which can sufficiently quench the electroweak sphaleron process
inside the vacuum bubble and therefore keep the net baryon num-
bers generated at the EWPT. As will be studied in the following,
one may have a strong gravitational wave signal that can be de-
tected at LISA for a large PTspn, meaning that the gravitational
wave may serve as a test of parameter spaces for the EWB.”

3. Gravitational wave

To predict the gravitational wave spectrum from the first-order
EWPT, we first calculate the phase transition strength as o =
(05(T4) — Bp(T4))/3ws, with § =e — p/c? [31,32], where {e, p, o,
and ¢} is {the energy density, the pressure, the enthalpy density,
and the sound speed} respectively. The subscripts “b, —"/“s, +" in-
dicate the quantities inside/outside the bubbles. With the help of
the free energy density, the phase transition strength recast the
form of [33]:

dAV sy

T NT=Ty, (3)

1 1
o= 3a)5((1 + Cg)AVeff T
where the AV, is the thermal effective potential difference be-
tween the symmetric and broken phase. The other crucial param-
eter for the calculation of gravitational wave spectrum is 8, which
characterizes the inverse time duration of the phase transition and
is defined as

B/Hn=Td(S3(T)/T)/dT|r=1, , (4)

where, Hp, is the Hubble constant at the nucleation tempera-
ture T,. Both the two parameters (¢ and B/H,) are evaluated
after solving the bounce at the bubble nucleation temperature
T, [34-36].

In Fig. 3, we present the three crucial parameters for the grav-
itational wave predictions from electroweak phase transition with
the 2HDM, i.e., (o, B/Hy, Ty). The two plots depict that: 1) With
the decrease of the nucleation temperature T,, one have decrease
of B/H;, and increase of ¢, where one may have a large magnitude
of gravitational wave signal from the electroweak phase transition;
2) In comparison with type-II 2HDM, type-1 2HDM allows a larger
possibility to achieve a large o and low B/H, with low bubble
nucleation temperature.

Another crucial parameter for the gravitational wave prediction
from the phase transition is the wall velocity. We checked the

5 This is consistent with the tree-level driven phase transition scenario [27].
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Fig. 3. The GW parameters of T,, 8/H, and « in the type-I (left) and type-II (right)
2HDMs.

Table 1
Benchmarks in the type-I and type-Il 2HDM in Fig. 4 with Higgs masses are shown
in units of GeV.

type I/II my my= ma tan g a B/Hn Th

I/ BM 1 302.88  447.09 409.53 22.05 0.25 31.74 45.90
I/ BM 2 236.41 423.71 455.47 24.48 0.22 57.83 4743
1[/BM 1 365.28 668.46 631.92 243 0.03 69.65 75.29
1[/BM 2 300.60 599.09 607.37 4.92 0.02 104.62 79.26
1I/BM 3 307.88 585.57 629.26 6.19 0.02 189.16 82.63
1I/BM 4 38112 590.25 660.07 0.88 0.02 193.69 83.65

Bodecker-Moore criterion [37] and found that there is no runaway
of the bubbles for these strongly first-order EWPT points. Gener-
ally, the detectability of the gravitational waves from the phase
transition at LISA requires a relativistic or ultra-relativistic bubble
walls [7,16]. By taking the wall velocity as a free parameter, we
calculate the gravitational wave prediction from the electroweak
phase transition in 2HDMs.® Here, we consider the sound waves
in the plasma [38,39] and the magnetohydrodynamic turbulence
(MHD) [38,39] that are believed to dominate the gravitational
wave production during the phase transition, with the energy den-
sity spectrum from the sound waves simulated by the sound-shell
model [39].

Our gravitational wave predictions for benchmarks given by the
Table 1 are shown in Fig. 4. Where the sound wave dominates all
the gravitational wave sources and the wall velocity determines
the amplitude and the peak of the sound wave spectrum. A lower
wall velocity leads to a lower magnitude and a lower frequency of
the peak of the gravitational wave spectrum, while it is necessary
for the nonlocal EWB. The wall width would be thickness for the
relevant nonlocal baryogenesis, and supercooling case with large «
embracing thin wall does not happen in this study.

4. Comment on electroweak baryogenesis

We now study the realization of EWB at the EWPT. We focus on
the nonlocal EWB situation under the current EDM experiments.
During a strongly first-order EWPT, the effective top quark mass
embraces a space-time dependent phase varying across the slow
bubble wall” and thus leads to a CPV source term [40,41]

S~ me_\* 2 o' T 5
t(Z)NZJT_Z(VSinﬂ) v (20 (2)vwT . (5)

Which relies on the bubble wall velocity and wall width calcu-
lation based on microphysics and hydrodynamics, and the VEV’s

6 See Ref. [70,71] for the gravitational wave signals coming from a first order
“electroweak” phase transition with 2HDM in the dark sector.
7 As for the bottom quark scenario we refer to Ref. [72].
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Fig. 4. Gravitational waves from the strong electroweak phase transition for bench-
marks shown in Table 1. The solid (dashed) line depicts the v,, =0.1(1) scenarios.

phase across the wall A9 which depends on phase transition dy-
namics when the CP violation shows up. The CPV phase A9 is
supposed to have a similar size with the zero temperature phase
& [18,42], i.e,, AO ~ ap ~ 0.1 is required to ensure enough BAU
generation [43]. The current upper limit set by the current elec-
tron EDM measurement of ACME I is: |de| < 1.1 x 1072° e cm
at 90% confidence level [8]. To evade the server bounds, the can-
cellation mechanism [43-45] is necessary. On the other hand, a
strong phase transition prefers a large mass splitting between the
heavy CP-even Higgs and the heavy CP-odd Higgs as shown above,
there wouldn’t be cancellation driven by the mixing of the CP-odd
and CP-even heavy Higgses due to the large mass splitting [45].
Therefore, the CP-violation bounds from the current electron EDM
measurement may extremely reduce the possibility to achieve the
correct BAU with the conventionally and extensively studied nonlo-
cal EWB [9,42,46].8 Considering gauge invariant Barr-Zee diagram
contributions [47], we estimate the electron EDM by adopting the
formula collected in Ref. [44,48-50] for the benchmarks in Table 1
with the CP violation amplitude characterized by «. Our estima-
tion turns that o, < 1072, which is far small to yield the correct
BAU with the nonlocal EWB.

5. Concluding remark

Utilizing 2HDM, we checked the baryon number preservation
criterion and found that a strong phase transition required by
a strong stochastic gravitational wave corresponds to a sufficient
quench of the electroweak sphaleron process as needed by the
nonlocal EWB. We found that, in the type-I and type-II 2HDMs,
the sufficient strong EWPT parameter spaces can be probed by the
stochastic gravitational wave search conducted by the projected
space mission LISA, TianQin [51], Taiji [52], Big Bang Observer
(BBO) [53], and DECi-hertz Interferometer Gravitational wave Ob-
servatory (DECIGO) [54]. For these parameter spaces, the large
mass-splitting among heavy Higgses are required by the BNPC. The

8 Previous studies show that large scalar quartic couplings and narrow wall width
is necessary for successful nonlocal EWB in the 2HDM, the lattice simulation is not
valid anymore [21,73] in the situation.
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CP violation allowed by the eEDM experiment is too small to yield
the correct BAU with nonlocal EWB.

The exact calculation of bubble wall velocity with microphysics
and hydrodynamics and the lattice simulation of the electroweak
sphaleron rate in the symmetric and broken phase during the
phase transition are the two crucial ingredients to settle down if
the observed BAU can be explained with the EWB.
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Appendix A. Electroweak sphaleron

The Electroweak sphaleron in the CP-violation 2HDM at zero
temperature has also been studied previous at zero temperature,
see Ref. [55,56]. Since the CP-violation operators have null con-
tributions to the sphaleron energy [29] and also phase transi-
tion dynamics as previous studies, we therefore perform the Elec-
troweak sphaleron calculations inside the vacuum bubble with
CP-conserving 2HDM. In this study, we employ the spherically
symmetric ansatz and conduct the Electroweak sphaleron energy
closely following the approach given in Ref. [57,58]. The configura-
tion space is spanned by the following functions:

A.0.6) =~ [OHU 6. HUE. 4) . (A1)
@10.6.) = = OU6.9) (?) (A2)
©20.0.6) = Zh (U, ) (?) (A3)

where A; are SU(2) gauge fields, A; = $A%7% v=/v}+vZ and
U0, ¢) is defined as
el? sino
cosd /J°

Adopting the Ap = 0 gauge, the Electroweak sphaleron energy
function can be obtained as:

df)2 8 -

d —(f —

J S[ (S +$2(f 9
£2v? (dh\* £2v3 [(dhy\?

2w (E) +7W(E>

v v2
+ <V—;h% + v—ﬁh%)(l —f)?

cos6

e ®sino (A4)

U(e,¢)=(_

Esph[f hy, ha] =
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52

5 v, hz)] (A5)
g

where & = gvr. From Eq. (A.5), the equations of motion are found

to be
f 2 vio, V3,
ds_z_g_zf(l_f)(l_zf)_< h+4 h)
x (1= f), (A.6)
dhl 2 %—2 A%
— ) =2h1(1 = — A7
i (2% ) =ma-n T oy (A7)
d [ ,dhy\ 2 g2 v
dE (E E) =2hy(1— )+ g2v§v2 T (A.8)
with following boundary conditions should be satisfied:
lim f© =0, limhi(§)=0, limh>&) =0 (A.9)
Slim fee =1, Slim hi(¢) =1, Elim hy(&)=1. (A.10)

The Electroweak sphaleron energy at finite temperature dur-
ing the phase transition process (Egp,(T)) can be obtained with
the replacement of the prefactor of ‘“TT" of Espnlf,h1,h2] given
in Eq. (A.5): v — v(Ty) [25]. In Fig. 5, we show the Electroweak
sphaleron energy as a function of temperature, with temperature
T < T.. It demonstrates that the Electroweak sphaleron process
would be highly suppressed in low temperatures after symmetry
broken.
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