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ABSTRACT: We study the possible gravitational wave signal and the viability of baryogenesis
arising from the electroweak phase transition in an extension of the Standard Model (SM)
by a scalar singlet field without a Zo symmetry. We first analyze the velocity of the
expanding true-vacuum bubbles during the phase transition, confirming our previous finding
in the unbroken Zs symmetry scenario, where the bubble wall velocity can be computed
from first principles only for weak transitions with strength parameters o < 0.05, and the
Chapman-Jouguet velocity defines the maximum velocity for which the wall is stopped
by the friction from the plasma. We further provide an analytical approximation to the
wall velocity in the general scalar singlet scenario without Zo symmetry and test it against
the results of a detailed calculation, finding good agreement. We show that in the singlet
scenario with a spontaneously broken Zo symmetry, the phase transition is always weak and
we see no hope for baryogenesis. In contrast, in the case with explicit Zs breaking there
is a region of the parameter space producing a promising baryon yield in the presence of
CP violating interactions via an effective operator involving the singlet scalar and the SM
top quarks. Yet, we find that this region yields unobservable gravitational waves. Finally,
we show that the promising region for baryogenesis in this model may be fully tested by
direct searches for singlet-like scalars in di-boson final states at the HL-LHC, combined
with present and future measurements of the electron electric dipole moment.
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1 Introduction

The lack of an explanation within the Standard Model (SM) for the observed baryon
asymmetry of the Universe is one of the key motivations for studying scenarios for physics
beyond the SM (BSM). One attractive scenario is that baryogenesis be associated with the
electroweak scale, potentially maximizing its testability in laboratory experiments [1-4].
However, electroweak baryogenesis (EWBG) would require a first-order phase transition
(FOPT) at the electroweak scale, which does not occur in the SM [5]. If it were to occur in
some BSM scenario, collisions between bubbles of the low-energy vacuum and the ensuing
turbulence and sound waves in the primordial plasma might have generated a stochastic
cosmological background of gravitational waves (GWs) large enough to be detectable in
future experiments such as LISA [6, 7] or AEDGE [8, 9].

This possibility has stimulated increased interest in BSM scenarios involving a
FOPT [10-62]. Scenarios for electroweak baryogenesis exploit the fact that electroweak



sphalerons are active and postulate a CP-violating force that generates a matter-antimatter
asymmetry in chemical potentials. At the end of the transition when the sphaleron rate is
suppressed, this asymmetry freezes out into the net baryon number observed today.

One of the simplest scenarios capable of producing a FOPT invokes a gauge singlet
scalar in addition to the SM [63-65]. In spite of its minimality, this scenario offers a vast ar-
ray of possibilities for phenomenological studies, including collider searches, sensitivities and
constraints [64, 66—69], dark scalar cosmological constraints [70, 71], dark matter [72-75],
gravitational wave production [76] and baryogenesis [77, 78]. In particular, the complemen-
tarity between collider searches and GW experiments for probing the parameter space of
the model has been studied extensively [28, 79-82].

Implementing EWBG within this scalar singlet extension of the SM requires the
introduction of extra sources of CP violation. This is usually achieved by adding higher-
dimension operators to the Lagrangian in order to keep the particle content minimal.
However, these operators are subject to tight constraints from experimental upper bounds
on electric dipole moments (EDMs), unless they are made to vanish at zero temperature.
To the best of our knowledge, the EWBG computation has not been performed in the most
generic scenario with a non-vanishing vev for the scalar singlet, and computations of the
baryon asymmetry have been focused on the case in which the singlet has a vanishing vev.
On the other hand, studies of the potential synergy between colliders and GW experiments
for probing the region of parameter space compatible with EWBG have mainly focused
on the scenario with non-vanishing singlet vev [79-81], while remaining agnostic about the
source(s) of CP violation.!

The aim of the present paper is to plug this gap by investigating the viability of EWBG
in the scalar singlet extension of the SM using the most general parametrization of the
scalar potential and assuming a non-vanishing vev for the singlet. As CP-violating source
we include a dimension-five operator coupling the singlet field with the Higgs-top Yukawa
interaction. The final baryon yield is computed via the WKB formalism [83-85].2 We find
that, due to the presence of the higher dimensional operator involving the singlet and the
SM top quarks (as needed here for baryogenesis), future LHC searches for singlet-like scalars
in di-boson final states will be able to probe this baryogenesis scenario even in the limit of
very small singlet-Higgs mixing.

We provide at the same time updated predictions for the GW signals taking into
account a full computation of the properties of the bubble wall using the fluid equations of
the new formalism of [92, 93]. Thus we extend our previous work [94] on the properties of
bubble walls in SM-like thermal plasmas, showing that the same qualitative conclusions
apply for this model.

The rest of the paper is outlined as follows: in section 2 we introduce the model focusing
on the effective potential. Section 3 dynamics of the phase transition. In section 4 we
focus on the case of spontaneous Zs symmetry breaking. We show that the transitions

1See, however, [68] for an exception.

2An alternative method is given by the vev-insertion approximation (VIA) [86, 87] which generically
yields O(10) larger values for the baryon asymmetry although it was recently claimed to be not fully
consistent [88, 89]. See refs. [90, 91] for comparative studies of these formalisms.



in that case are always too weak to give hope for baryogenesis, and move on to the case
of explicit Zy symmetry breaking in the remainder of the paper. Section 5 discusses the
computation of the bubble wall properties as well as the analytical approximation of the
bubble wall velocity and its accuracy. Using these results in section 6 we discuss the GW
signals the model can produce. In section 7 we discuss our scenario for baryogenesis, first
setting out the phenomenological constraints on the CP-violating model and then discussing
the possible magnitude of the cosmological baryon asymmetry. We highlight the part of
parameter space that yields results consistent with cosmology, and discuss the possible
LHC and EDM probes of this region. Section 8 summarizes our conclusions. The issues of
vacuum stability and perturbativity are discussed in an appendix.

2 The effective potential of the singlet scalar extension of the SM

2.1 Tree-level potential

The model we consider in this paper has been studied previously in refs. [33, 64, 81], and
the complementarity between its signatures in GW and collider experiments was studied
in [28]. The tree-level scalar potential of the model is

1 1 1 1
Vo(H,s)= _MzHTHHh(HTH)?—5;@32+ZASS4+§A}L3HTHSQ+MSHTHS—§M3s3, (2.1)

where H = (G, L\%GO)T is the Higgs doublet with the SM vacuum expectation value (vev)
v = 246.2 GeV, while s is the additional real scalar singlet. Eq. (2.1) is the most general
formulation of the model, in which the Zo symmetry of the potential corresponding to
changing the sign of s is not assumed. In a unitary gauge the potential (2.1) can be written as

1 1 1 1 1 1 1
Vo(h,s) = —iﬂ}%hQ + ZAhh4 - 5#552 + ZAhSh‘QSQ =+ 1/\334 + iﬂhshQS - §M353- (2.2)

The electroweak symmetry-breaking (EWSB) vacuum is located at the field values (h,s) =
(v,u), where
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The elements of the scalar mass matrix M are
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In order to obtain the physical scalar masses, one diagonalizes the mass matrix and intro-
duces mass eigenstates @1, @2 given by

<¢1> _ <Cf)89 —sin@) (h) ’ (2.6)
V2 sinf cosf 5
which satisfy

(e ) 2) =0 )

(2.7)
_( ) cosf —sinf\ (M7, M2\ [ cosf sinf\ (¢
P2 g cosd M2, M2 ]\ —sinf cosf J\ s ]
Comparing corresponding elements in these matrix equations, one obtains
mi = M7, cos® 0 + MZ% sin? 0 — M7, sin 20,
m? = M}, sin? 0 + M2, cos® 6 + M}, sin 26, (2.8)
1
0= —i(Mfs — M7,)sin 20 + M7, cos 26 .
Inverting the system, we find
M3, = m3 cos® 0 +m?sin? 0,
M2, = m3 sin? 0 + m? cos? 6, (2.9)
M7, = —m3 sinf cos§ + m? sinf cos § .
After simplifications and using (2.5), we find the following conditions:
1
Ap = W(m% cos® 0 +m?sin 0)
1 2 qin2 2.2 10’
As = 202 | M S0 0 + m; cos 0+M3u+§,uh3; , (2.10)
1
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VU
Positivity imposes the following requirement in addition to Ay, As > 0:
Ahs > =2V Apds, if Apg <O. (2.11)



In our numerical study of the parameter space we impose perturbativity of the quartic
couplings by requiring they satisfy the conditions

Ahy Asy | Ans| < dmr. (2.12)

2.2 One-loop effective potential
The full one-loop effective potential at finite temperature can be represented in general as
‘/e{f(haS,T) = Vb(ha S) +VCW(ha S) +VT(h755T)? (213)

where Vj is the tree-level potential, Vow denotes the one-loop corrections known as the
Coleman-Weinberg potential [95] and V7 represents the finite-temperature contribution.
Using the cutoff regularization and on-shell renormalization scheme, the Coleman-Weinberg
part is given by

- d; mZ(h,s) 3
Vcw(h, S) = Z(—l)Fl@ [mf(h7 5) (10g ﬂ(’Lz) - 2) + 2m12(h7 S)m(%z‘| ’ (2'14)
i 07

where the index 4 runs over all particles contributing to the potential with F; = 0 (1) for
bosons (fermions), d; is the number of degrees of freedom of the particle species, m;(h, s) is
the field-dependent mass of particle i and myg; its value in the EW vacuum of the SM. The
field-dependent masses are given in the SM by

2 12 2
T 9 2 2 = %’fh? (2.15)
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The thermally-corrected masses of the scalars are the eigenvalues of the thermally-corrected

M? = M?+ (HhéT) - ?T)> : (2.16)

Hessian matrix

while for the longitudinal polarization states of vector bosons
miy — miy + Oy (T) (2.17)
and
M2 - (1P + G ePTE —q9g'h’
Z/y _%gg/hQ %g/2h2 + %g’QTQ

The thermal masses in this model are found to be [96]
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These results are obtained by daisy resummation, which yields the following full finite-
temperature expression:

T mi(¢)
Vr(o,T) = o3 Xi:dih <T> , (2.22)
where the J+ functions are defined as
Jx(z) = :l:/ dyy* log (1 Fe V y2+x2) , (2.23)
0

the upper (lower) sign is for bosons (fermions) and m; refers to masses including the thermal
corrections discussed above. The thermodynamic predictions using the effective potential at
1-loop have been considerably improved by 2-loop computations as well as non-perturbative
dimensional reductions, see e.g., refs. [97-100]. We leave a diligent study of the sort for
future work.

3 Phase transition dynamics: nucleation and percolation

The methods for computing the thermodynamic properties of a thermal FOPT in perturba-
tive models are well established. One begins with the critical temperature T, defined to
be the temperature at which multiple minima of the thermal effective potential become
degenerate. One needs then to find the time of nucleation at which the probability of a
true vacuum bubble forming within a horizon radius becomes significant, i.e.,

T. 47 T(T)
where 3/
S3 4 —S3/T
T =(— T 3 2

is the nucleation probability per unit time and volume, S5 denotes the Euclidean action
corresponding to the bounce solution and H(7T') is the Hubble expansion rate.

While computing the bounce for a model with a single scalar field is made relatively easy
by use of a shooting algorithm, the task becomes significantly more onerous as the number
of scalars increases. Moreover, one generally wishes to survey the full parameter space of
the theory, compounding the problem. In this paper we use the publicly available code
cosmoTransitions [101], which in principle can deal with an arbitrary number of scalars.

To leading-order accuracy and for temperatures close to the electroweak scale, the
nucleation temperature can be obtained from the requirement

S3

T ~ 140, (3.3)
which provides a good approximation for sufficiently weak transitions. This condition is
already embedded in the public version of the cosmoTransitions code, and we use this
version for a preliminary survey of the parameter space in which a FOPT occurs. However,



when the transition becomes too strong, the formula presented above is only indicative and
a more careful treatment is necessary in order to evaluate if nucleation actually occurs.
To assess if nucleation is possible we look for the solution to

F(Tn) = Htotal(Tn)4, (3.4)

with the highest temperature, and we use the total Hubble rate including the vacuum
contribution, namely

(T)m*T*  AV(T)
90M3, 3M3,

Heyo(T) = & (3.5)
where g, is the number of relativistic degrees of freedom [102] and Mp) = 2.4 x 1018 GeV is
the reduced Planck mass.

In addition to determining when nucleation is possible, an essential question is whether
the transition completes [103]. This can be answered by computing the temperature at
which the probability of a point remaining in the false vacuum drops below 0.71 and then
verifying that the false vacuum volume is indeed shrinking at that temperature, i.e.

Aw (Te 4T r(T,T')3

I(T)_§ i H(T,)F(T/) - dI(T)

—034, Tt < _ .
0.34, o <=3, (3.6)

where

r(t,t') = vy /t/t ac(l;) (3.7)

is the comoving radius of the bubble. The temperature at which the above two conditions
are satisfied is referred to as the percolation temperature 7j,.

To illustrate the importance of a careful nucleation assessment we show in figure 1 the
nucleation rate and the Hubble parameter evaluated both with only radiation and with
the full energy density including also the vacuum energy-difference term as functions of
temperature for two benchmark points in the parameter space:

P1: ms=168GeV, 0=0.23, u=—-148GeV, pups=137GeV, pusz= —577GeV,
P2: my=133GeV, 0=-0.02, u=129GeV, pups=—137GeV, us = 566GeV.

For P1 the vacuum contribution is dominant and prevents nucleation from occurring. In
contrast, for P2 the vacuum contribution is subdominant and we have checked that bubbles
not only nucleate but also satisfy the condition for successful percolation.

4 Case of spontaneous Zs; symmetry breaking

As previously mentioned, the model we are studying can be described by five free parameters:
ms, 0, u, pps and ps, which are the scalar singlet mass, the mixing angle with the SM
Higgs boson, the singlet vacuum expectation value (vev) and the two Zs-breaking trilinear
couplings, respectively. Before presenting the full results of our scans, we consider the
pattern of the phase transitions in simplified scenarios. We start with the simplest scenario
in which the potential is symmetric under a parity transformation of the fields. This case
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Figure 1. Rates as functions of temperature for the two benchmarks introduced in the text. Blue
curves show the finite-temperature nucleation rates, orange lines the Hubble rates including only
the radiation component and green dashed lines show the total Hubble rates with the vacuum
contribution included.

corresponds to switching off the trilinear couplings, i.e., setting ups = us = 0. The formulae
for the quartic couplings now take the form

1
Ap = ﬁ(m% cos? § + m? sin?0)
v
1
As = ﬁ(m% sin? 6 4 m? cos® 0) (4.1)
u
1
As = — ((m?% — m3)sinf cos6) .
vu

It is important to remark that the parametrization adopted above renders it impossible
to recover the scenario in which the singlet acquires no vev at zero temperature, usually
referred to as xSM, as the limit v — 0 is ill-defined mathematically. In the xSM model,
studies have shown [94] that strong FOPTs are positively correlated with positive values of
Ans- One might be tempted to infer that a similar trait also appears in the model under
study, with the caveat that A\s and A\, are no longer independent of each other as in the
xSM case.

The model with a Zs-symmetric potential was already studied in [104]. The authors
derived analytical expressions in the leading-order high-temperature expansion augmented
with a trilinear term and neglecting the rest of the Coleman-Weinberg effective potential,
for relevant quantities at the critical temperature and showed that the single parameter
controlling these quantities is given by

Ahs
ISV

A= A — (4.2)

Here we calculate the parameters of the transition in this model using the full effective
potential. Figure 2 compares our results with those obtained in the leading order high-
temperature expansion and without the Coleman-Weinberg contribution, which match the
analytical approximation discussed in [104]. In general, a correlation with the effective
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Figure 2. The phase transition parameters T, «a and % as functions of the effective coupling

coupling Ay, is still visible, but transitions using the full potential are significantly weaker.
As \j, approaches \j,, transitions become second-order and the trilinear coefficient F defined
in [104] acquires its SM value. However, in the limit of stronger transitions tunnelling
becomes singlet-driven, so the impact of the singlet becomes important, leading to vanishing
E. Hence, for the strongest transitions possible in this model, the existence of the barrier is
ensured at the tree level. In summary, we conclude that the Zo-symmetric version of the
theory predicts only very weak transitions and cannot provide any significant observational
predictions for GWs or baryogenesis. Therefore, we do not discuss this scenario further in
the subsequent sections of this paper.3

5 Properties of the bubble wall

Estimating the properties of the bubble wall of a FOPT entails an involved computation of
out-of-equilibrium perturbations in the plasma.* In addition, the form of the equations that
should be used to obtain these estimates as well as the assumptions underlying them are not

3 All our calculations were performed using the on-shell renormalization scheme, but we have verified that
the results obtained using the MS-bar renormalization scheme are almost identical.

4The wall velocity has also been computed in strongly coupled theories via the holographic principle, see
refs. {105, 106].



agreed upon within the particle physics community. The most common presumptions are (i)
that the bubble wall and the plasma particles interact in local thermal equilibrium [47, 107—
110] or alternatively, (ii) that only the heaviest particles are taken out of thermal equilibrium
by their interaction with the advancing wall but the rest of the particles in the plasma
are treated as a background fluid in thermal equilibrium [111-114], henceforth called the
semiclassical fluid approximation. In this paper we advocate the latter possibility and
use the modified fluid equations of refs. [92, 93]. For alternative developments regarding
assumption (ii) see [115-117].

The dynamics of the wall in the fluid approximation were first estimated in the
pioneering papers [118, 119] for the SM electroweak theory with a light Higgs boson mass.
Subsequently, the discovery of the Higgs boson prompted the adoption of this approximation
in phenomenological models with a strong FOPT and not a crossover. The preferred model
for study has been the scalar gauge singlet extension, either with a Zs-symmetric potential
and no vev at zero temperature, see [93, 115, 120] or without the Zy symmetry and non-
vanishing vev at zero temperature [121]. Additionally, the SM effective field theory (SMEFT)
with dimension-6 operator and a low cutoff was investigated in [122, 123].

We studied in [94] the generic implications that the new formalism (as dubbed in [117])
of [92, 93] has for the bubble wall properties in the Zs-symmetric singlet model with
vanishing vev at zero temperature and in the SMEFT. One of the central results in [94]
was that one can obtain a good numerical approximation for the wall speed using thermal
equilibrium as a starting assumption. The following analytic formula was derived:

AV for AV (@),
Vapprox = \/; \/TPT J( ) (51)

1 for ﬁ/x > vy(a),

in which AV is the potential difference between the false and true vacua evaluated at the
nucleation temperature, ap, denotes the latent heat released and

1 14++3a2+2a
V3 1+a

is the Chapman-Jouguet velocity [124-126]. The analytic approach was compared in [94] to

vy =

: (5:2)

the full computation for the two aforementioned BSM scenarios. The predictions of the two
calculations were shown to agree well. This result is linked to the fact that the deviations
from equilibrium are small and one can neglect temperature variations in the derivation of
the analytic formula. This has been verified in [115], in which it was found that deviations
from equilibrium are subdominant and that for sufficiently weak transitions a hydrodynamic
treatment of the plasma shows that the bubble wall can reach a steady state.

In this paper we carry this analysis over to study the scalar singlet without Zs symmetry
and non-vanishing zero temperature vev. To the best of our knowledge, the computation
of the bubble wall properties in this scenario has only been studied in ref. [121] using,
however, the fluid equations laid out in [118, 119] that yield singularities for values of the
wall velocity close to the speed of sound in the plasma. The computations in our work
avoid this problem, and so represent a significantly improved assessment of the status of
the model as a viable framework for electroweak baryogenesis.

~10 -



With regards to the algorithm used in [94], the scenario studied here requires only a
minor modification. Clearly, the friction on the bubble wall in both the Zs-symmetric and
non-symmetric cases is the same. Thus we follow the procedure of considering only the
dominant contributions to the friction due to the electroweak gauge bosons and the top
quark. The other particles, including the Higgs boson and singlet field, are treated as a
background perturbations with zero chemical potential.

The necessary amendment for this scenario is due to the different form of scalar potential.
In particular, the vacuum structure and the larger number of free parameters produce
different features in the phase transition. For most values of the free parameters, the pattern
of the transition starts from a high-temperature phase with zero Higgs vev and non-zero
singlet vev (either positive or negative), and then tunnels towards the global minimum of
the theory. As the field profiles should interpolate between the false and true vacua, we
replace egs. (4.14) and (4.15) in ref. [94] by the modified Ansatz

h(z) = % [tanh (Lz) + 1} : (5.3)

h

s(z) = % tanh (; - 65> + S’ZT“” : (5.4)

where hy is the Higgs vev at the true minimum and s, and s; represent the high-temperature
(metastable) and low-temperature (stable) vevs of the singlet. The rest of the algorithm
used in ref. [94] remains unchanged.

Results from the computation of the bubble wall velocity for a random scan of the param-
eter space are shown in figure 3, where the wall velocity is plotted against the strength of the
transition and the coloured side-bar indicates the bubble wall width. The dash-dot-dotted
orange line is the speed of sound in the plasma, cs =1/ v/3, below which the explosive growth
of the bubble wall is a deflagration. The dashed orange line shows the Chapman-Jouguet
velocity at a given value of «, while the magenta crosses are the value of the wall velocity
obtained using the analytical approximation. In the region between the Chapman-Jouguet
velocity and the speed of sound the explosive advancement of the bubble is a hybrid, i.e., it
is composed of a shock discontinuity in front of the wall and a rarefaction wave behind it.

As shown in the figure, we cannot find steady-state solutions for points above the
Chapman-Jouguet velocity. In those cases we expect the wall to reach highly relativistic
velocities v, = 1 and the expansion to proceed as a detonation. For some points of the
random scan the analytic formula (corresponding to the magenta crosses) predicts v, = 1
whereas in fact a steady-state solution can be obtained.

In order to quantify the applicability of the analytic approximation, we computed the
sample mean percentage error between the analytic formula and the full computation:

1 N |Uw - Uapprox’
— ——— x 100~ 7.1 5.5
NXT X % (5-5)

7

v

which shows that the approximation provides a remarkably good estimate. The relative
error for each parameter space point is shown in figure 4. The expansion profiles for

- 11 -
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Figure 5. The confusion matrix for multi-class classification of the hydrodynamic expansion based
on the computation of the wall velocity [127]. The rows (columns) denote the fraction of points that
fall within each class as obtained from a full numerical computation (analytic formula).

deflagrations (hybrids) are shown as orange (blue). We find that the relative error is less
than about ten percent for hybrid points, whereas deflagrations exhibit stronger deviations.

In order to assess further the utility of the analytic formula for classifying the type of
hydrodynamic expansion, we have made a confusion matrix analysis whose results are shown
in figure 5. The rows of the matrix correspond to the outcome of the full computation,
whereas the columns give the prediction of the analytic formula. The last row corresponds
to points for which a steady-state solution was not found. The numerical values of each cell
are normalized to the total number of points in the scan.

In the language of the confusion matrix for multi-class classification, the diagonal
elements represent the fraction of times the analytic prediction classified the solution
correctly, and the off-diagonal matrix elements the fraction of times it misclassified them.
We can see that the formula classified incorrectly about 15% of the points as detonations
when in fact they were hybrids, see the 23 matrix element. We made use of the scikit-learn
python package [127] for the evaluation of the confusion matrix elements and obtained
a total weighted F-score of F; = 0.8, which is obtained from the harmonic mean of the
precision. We recall that the best possible F-value is 1 and poorest F-value is 0.

6 Gravitational waves

The computation of the gravitational wave spectrum relies on estimates for the thermody-
namic parameters of the FOPT. One of these key parameters, the percolation temperature,
was already discussed in the previous section, and we introduce the three remaining param-

eters in this section.
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The strength of the phase transition is proportional to the trace anomaly, i.e.,

1 1 T, 0V, ff(qb,T))
L— _— AV — A
4prATrT . (A (6, T) = 7A o7 ,

o=

(6.1)

where A denotes the differences between quantities in the false and true minima. Another
relevant parameter, denoted by (3, defined by

B d (S3
7= (%) oo, 62

specifies the inverse time duration of the phase transition. We evaluate the GW spectrum

at the temperature reached after the transition when the vacuum energy is converted into
radiation:
T, = Tp(1 + o(T,)) /4. (6.3)

The final relevant parameter is the wall velocity v,,, which we discussed in detail in section 5.
Here we will use the results of our detailed numerical analysis although, as we have shown,
the analytic estimate from eq. (5.1) would yield very similar results.

Since the potential is polynomial, we do not expect significant supercooling [103], which
implies that the bubbles will not become very energetic [128-132]. Hence we can focus
exclusively on GWs sourced by plasma motion [6, 7]. Despite significant progress in the
modelling of turbulence [133-136], the calculation of GWs from its emergence after a phase
transition remains uncertain, and we will omit this source. This leaves us with sound waves
as the main source, for which we use the results of lattice simulations to compute the GW
signal [137-140]:

Qo (f)h? =413 x 1077 (R.H,) (1 - \/H;W) (TIZY (1;0) : Sew(f), (6.4)

where

NI~

&“”:<é)3ﬁ+§@ify-’ (0

the frequency of the peak is given by

1

_ T, g« \ 6
v = 2.6 x 107°Hz (R, H, 1< * >( ) 6.6
/ X (B H) " foaev ) (o) (6.6)

and g, is the number of degrees of freedom at T, which we compute using the results
of [102]. In order to approximate the duration of the sound wave period normalised to the
Hubble rate we use [103, 128, 139, 141, 142]

H.R, 13 «
TewHyx = Uf , Uf ~ Em/{sw’ (67)

and to approximate the average bubble radius, again normalised to the Hubble rate, we use

H.R, ~ (8%)% Max (vy,, Cs) (g) B ) (6.8)
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Figure 6. Gravitational wave spectra from points with bubble walls that are not very relativistic,
for which we find hydrodynamical solutions.

where we use the duration of the transition given in eq. (6.2). Finally, we use the fluid
velocity and temperature profiles discussed in section 3 of ref. [94] to calculate the sound
wave efficiency factor as the energy converted into bulk fluid motion, which is given by [126]

3 s 2 4 (T 5 0
fow = oszU;j’]/w§ 1—v2d€_av§’]/< T, ) ¢ 1—v2d£' (6.9)

The signal-to-noise ration observed by a given experiment is given by

SNR = VT Vim (%)Qdﬂ v , (6.10)

which we calculate assuming the duration of each mission to be T' = 4 years. We visualise
the sensitivities of experiments using the standard power-law integrated sensitivities [143].
We show the spectra from our scans in figures 6 and 7, with the first one showing
only points for which we were able to compute the wall profile and velocity, while in the
second one the friction was not enough for the walls to reach a steady state and we assumed
vw ~ 1 instead. Both figures also show the design sensitivity of the currently running
LIGO [143-146] and future interferometers LISA [147, 148] and ET [149, 150] as well as
proposed devices based on atom interferometry [9], AION-1km [151] and AEDGE [8]. We do
not include the impact of the GW foreground produced by the population of BH currently
probed by LIGO and Virgo [152]. This effect would likely further limit our detection
prospects, however, it would not change our conclusions. We see only points where the
wall velocity is close to unity and do not find hydrodynamical solutions that produce
signals strong enough to be observed in upcoming experiments. This trend follows similar
observations made in the SMEFT and the Zs-symmetric versions of the model [93, 94].
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Figure 7. Gravitational wave spectra from points in the parameter space for which the transitions
are too strong and we do not find hydrodynamical solutions. Here we simply assume v,, ~ 1. We
note that these points are not suitable for baryogenesis.

Significant progress has been made recently on hybrid calculations of GW generation
by sound waves, which shows non-trivial dependence of the shape of the spectrum on the
wall velocity [153-156]. However, these modifications do not have a large impact on the
peak GW density. They would only modify the spectra in figure 6 when the velocities
are non-relativistic. As the spectra in such cases are too weak to be observed in future
experiments, the overall impact of these updates on upcoming searches are not expected to
be very significant in the model studied here.

7 Baryogenesis

We discuss in this section the use of the CP-violating dimension-5 operator

LD thCf)tR (zs) + h.c. (7.1)
Acp

to achieve baryogenesis in the general singlet extension of the SM discussed in section 2.
The baryon asymmetry that can be generated by this operator has been investigated
previously, mostly in the singlet extension with a Zs-symmetric potential and vanishing
vev [93, 94]. Here we first review the phenomenological constraints on this model before
exploring the possible magnitude of the baryon asymmetry that it can generate in the
presence of a zero-temperature vev u, under various conditions.

5A related dimension-6 six operator, i.e., with s/Acp — SQ/A%P7 was considered in [17, 78] as a possible
term in a Zz-symmetric theory.
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7.1 Higgs signal strengths and CP properties

In the presence of the operator (7.1), the top quark mass deviates from the SM expression
my = ypMu/v/2 when the singlet develops a zero-temperature vev u. Hence the top-quark
Yukawa coupling y; must be rescaled accordingly:

yoM oy V2

Yt = — = >
u U
1+A%P 'U1'1+A%P

in order to reproduce correctly the top-quark mass value obtained from Tevatron and

(7.2)

LHC measurements (see, e.g., [157]), for which we use the Particle Data Group value
my = 172.9 GeV [158].

In parallel, singlet-doublet mixing through the angle 8,° reduces universally the couplings
of the Higgs boson to SM particles by a factor cos 6 = ¢y. In the specific case of the top
quark, this reduction combines with the modification of the Higgs-top coupling induced by
the effective operator (7.1) to yield a Higgs-top interaction (my/v) ht (k¢ + i Rt 7ys5) t, where

u v
Co COrRp — 50

~ A
72, Iﬁ?t:—2cp. (73)
YR YR

The corresponding coupling modifier w.r.t. the SM value is |gn| = \/k7 + &7. These
effects impact the predictions for Higgs signal strength measurements at the LHC and their

Ry =

interpretation.” We have performed a x? fit to the latest Higgs signal strength measurements
published by ATLAS in its 10*P-year Higgs Legacy analysis [159],8 in terms of the parameters
sg and u/Acp. The 20 (Ax? = 6.18) allowed regions for different values of the singlet vev u
are enclosed by the solid lines in the left panel of figure 8, distinguishing the cases of positive
and negative u. In addition, a recent CMS analysis has constrained the CP structure
of the Higgs-top interaction [161], yielding the 20 bound #2/(k? + &?) < 0.669, and the
corresponding allowed region of the (sg, u/Acp) plane lies within the dashed contours in
figure 8 (left). However, we find that this bound on the Higgs CP properties is weaker that
from Higgs signal strength measurements throughout the entire parameter space of the
model. The coloured points in figure 8 (left) are those selected for our baryogenesis analysis
in section 7.5, and we see that they are all comfortably consistent with the constraints from
LHC Higgs Signal Strengths.

7.2 Electroweak precision observables

In general, the extra scalar in our model makes corrections to the gauge boson self-energy
diagrams. The leading effects on the electroweak precision observables (EWPOs) are

SHereafter we use the notations h and s for the mass eigenstates that are predominantly Higgs and
singlet, respectively.

"We do not discuss here constraints from Higgs self-coupling measurements, which are currently relatively
weak.

8The corresponding Higgs signal strength analysis by CMS [160] cannot be reinterpreted in our framework,
so we do not include it in our x?2 fit.
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Figure 8. Left: 2-0 allowed regions in the (sin@,u/Acp) plane for different values of the singlet
vev u, from a x? fit to the Higgs signal strength measurements from ATLAS in its 10t"-year Higgs
Legacy paper [159] (solid lines), and from a measurement of the CP structure of the htt coupling by
CMS [161] (dashed lines). Right: the (sin#,ms) plane showing regions excluded at the 2-o level
by LEP searches for light singlet-like scalars, LHC searches, and measurements of EW precision
observables. The points selected for our baryogenesis analysis in section 7.5 are shown in black on
the right panel (the red points are excluded by LHC searches), and in colours corresponding to the
indicated values of u &= 5% in the left panel.

described by the oblique parameters S,T and U. Since the new scalar is electrically neutral,
only the W and Z boson self-energies receive corrections at the leading order. Complete
expressions for the shifts in the oblique parameters from their SM values, AS, AT and AU,
are given at 1-loop order ref. in [33]. The respective numerical values of AS, AT and AU
obtained from a global fit to EWPO measurements [162] are

AS =0.04+£0.11, AT =0.09+0.14, AU = —-0.02 £ 0.11, (7.4)

together with the correlation coefficients +0.92 between AS and AT, —0.68 between AS
and AU and —0.87 between AT and AU. We then build the correlation matrix and use the
x? implementation procedure described in [33]. The region of the (sin @, m;) plane excluded
at the 2 o level is shaded blue in the right panel of figure 8.°

7.3 LEP and LHC searches for BSM scalars

The Higgs searches at LEP yield constraints on the singlet-doublet mixing angle 6 for light
< 100 GeV (see e.g. [164]), depicted in the right panel of figure 8 in the

~

(sinf, mg) plane. Figure 8 highlights that the LEP Higgs bounds do not yield relevant

singlet masses, mg

constraints on the parameter points of our scan, which are shown in black in the right panel
of figure 8.

90ur analysis does not include recent experimental measurements of My, which are discussed in [163].
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In addition, BSM scalar searches at the LHC in WW, ZZ and hh decay channels
constrain the properties of the singlet-like scalar state s for mg > my. For mg > 200 GeV,
the strongest such limits have been obtained by ATLAS in the ZZ — 4¢ and ZZ — 2{2v
final states [165] with /s = 13 TeV LHC data and 139fb~! of integrated luminosity. In
order to interpret these bounds in our setup, we note that the effective operator (7.1)
impacts both gluon-gluon fusion production, gg — s, and the partial decay width of the
singlet-like scalar into top quarks s — tt, when phase space is available. The strength of
the interaction between the scalar s and the top quark relative to that of the Higgs-top
coupling in the SM is given by

_l’_

= ——1/s
Jstt o w2 0 ACP ACP
AZp

where sg = sin 0 and ¢y = cos . We note that |gs| — (v/Acp) X 1/4/1 4 (u/Acp)? in the
limit sin # — 0, so the singlet production cross section does not vanish in this limit, because

Uu Sy 7)69)2 (7.5)

of the operator (7.1) that is postulated for baryogenesis. Therefore LHC searches may be
sensitive to very small singlet-doublet mixing, if the value of Acp is close to the TeV scale.
At the same time, we stress that if the s — t¢ decay is kinematically accessible!” it becomes
the dominant scalar branching fraction in the sin # < 1 limit, suppressing the signal in
s — ZZ searches. In such a case, the bounds from pp — s — ZZ searches at the LHC
become independent of the values of u and Acp, since the dependence on |gsy| approximately
cancels in the limit of sin § < 1 between s o | gm|2 and BRs_,z7 | gstt\ﬂ. For scalar
masses mg < 200 GeV, LHC search results for s - WW, ZZ with /s = 13 TeV data are
available from CMS [166], with a smaller (35.9fb™!) integrated luminosity.!! However,
these still provide strong constraints in the mass region 130 GeV < mg < 200 GeV, where
the ATLAS search [165] mentioned above does not apply.

The 2-¢ limits from BSM scalar searches at the LHC in WW and ZZ decay channels
in the (sin 0, mg) plane are shown in the right panel of figure 8, with the points in our
scan that are excluded by these LHC searches coloured red. We note that s may become
long-lived in the limit of very small singlet-doublet mixing when the s decay into top quarks
(including the three-body decay s — tWb) is kinematically forbidden, corresponding
to ms < 260 GeV, in which case the above s — ZZ limits from prompt LHC searches
are evaded. Considering that the singlet scalar is typically produced with 3-momentum
|Ds| < ms (in the ATLAS/CMS detector frame) and the decay of s ceases to be prompt for
a decay-length c7s 2 O(mm), the ATLAS bounds from [165] and CMS bounds from [166]
are evaded for sinf < 1076 — 10~7 (with the specific value decreasing as my increases), as
we depict in the right panel of figure 8.

Finally, regarding future LHC searches, we stress that an increase in the sensitivity of
searches for new scalars with ms < 200 GeV in di-boson final states (at present only the

10We note that for very small mixing angles sin 8 < 0.01 — 0.001 the three-body decay of s via an off-shell
(anti)top (open for ms 2 m: + mw + myp) can still dominate over the WW and ZZ decays, whose partial
widths are suppressed by sin? @ w.r.t. their SM-like values.

"LHC s — WW, ZZ searches with /s = 7 and 8 TeV data [167, 168] yield much weaker constraints and

do not affect the parameter points from our baryogenesis scan.

~19 —



Figure 9. The 2-loop Bar-Zee diagram that contributes to the electron electric dipole moment [169].
Here h; denotes the mass eigenstates h and s.

aforementioned CMS search [166] with /s = 13 TeV LHC data exists) could have the capa-
bility to explore fully the viable baryogenesis parameter space that remains unconstrained
in the model. In particular, an estimate of the HL-LHC sensitivity in this mass region via
a naive rescaling of the current CMS limits from [166] by the square-root of the ratio of
integrated luminosities indicates that mixing angles down to the long-lived singlet scalar
case sin@ ~ 1075 could be probed in this mass range.

7.4 The electron electric dipole moment

The effect of the dim-5 operator on the electron electric dipole moment (eEDM) is given by
the 2-loop Bar-Zee diagram [169] with a top quark loop, see figure 9, whose contribution is
given by the following formula [170]:

_ Grpv v m? m?
q2—loop _ e «a . ( > in@ 0l—g| L It 7.6
: 32 ﬂwmtm NIV sin 0 cos g w2 +g w2 | (7.6)

with the 1-loop integral

g(z) = ;/01 dxa;(l _130) — log [:1:(12— x)} . (7.7)

We see in the above expression that the prediction for the eEDM depends only on 6, mg
and the cutoff scale Acp, and in particular it vanishes in the limit of vanishing mixing angle
6 — 0 or scalar mass degeneracy ms — my,.

We use the following numerical values for the physical constants [158] in the formula
for the eEDM:

e=g =0.34,
a=1/137,
1
Gp=—— =1.166 x 107°(GeV) 2,
F NI (GeV)
me = 0.5 MeV |
my = 172.9 GeV . (7.8)
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The best current experimental upper bound on the eEDM, obtained by the ACME collabo-
ration [171], is
lde] < 1.1 x 107 %ecm = 1.89 x 10716 GeV 1. (7.9)

7.5 The baryon asymmetry

Although the above formula for the field-dependent top quark mass might seem like a minor
modification of the scalar potential, it can nevertheless have a significant numerical impact
on the thermodynamic parameters of the transition, and must be taken into account. These
effects have not been considered in previous studies. Instead, it has been customary to
neglect altogether the impact that the mixing with the scalar in eq. (7.1) has on the phase
transition and to solve for the value of Acp that yields the required BAU. We note in
addition that the dependence of the top quark mass on the singlet profile induces a friction
term, Fliction X dmy/ds, in the singlet equation of motion. However, we have verified that
the numerical impact of this term is irrelevant.

Since the above modifications lead to a different scalar potential from that studied in
the preceding sections, we have performed an independent scan of the parameter space with
the above modified effective potential, treating Agp as one of its parameters, using the
eEDM constraint as a filter and incorporating all the phenomenological constraints. We find
that the new effective potential always develops a global minimum with (h, s) = (v, u) that
is distinct from that at the electroweak scale, but that its location in field space is several
orders of magnitude beyond the Planck scale. Hence we do not consider this prospective
destabilization to be a serious concern.

To compute the baryon asymmetry of the Universe (BAU) we use the improved fluid
equations of ref. [91], which are well behaved for any value of the wall velocity. We have
scanned over parameter values uniformly distributed in the following ranges:

€ [1,1000] GV,
€ [-0.1,0.1],
Acp € [v,1000] GeV ,
€ [~1000, 1000] GV,
[-1000, 1000] GeV
€ [~1000, 1000] GeV . (7.10)

M3 €
Uns €

As discussed above, we have checked that all the points are consistent with the phenomeno-
logical constraints, and that Acp is the highest mass scale, so that the effective field theory
is always consistent. The results for the full computation are presented in figure 10 as
functions of the wall velocity v, and the strength parameter ag (coloured in the left panel
according to the value of hg), which are the parameters with the most significant impact.
As indicated, the BAU 7 is positively correlated with the wall velocity and with the Higgs
bubble profile amplitude, in agreement with the findings in [94]. We see that n can attain
its observed value today most easily when the wall expansion is hybrid.

The positive correlation exhibited in figure 10 above might look at odds with the results
of ref. [91] which displayed instead a negative correlation between the BAU and the wall
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Figure 10. Results for the baryon asymmetry of the Universe (BAU) normalized to its observed
value as a function of the wall velocity (left panel) and the strength aq of the phase transition (right
panel). The coloured side-bar alongside the left panel indicates the value of the Higgs bubble profile
amplitude hg.

velocity, see figure 3 in that reference.!? The reason for this apparent contradiction is that
figure 3 in [91] was produced by fixing all parameters of the transition except the wall
velocity. Computing solutions from first principles we find all the other parameters must
also be different to obtain solutions with a different wall velocity. The premise of [91] is the
separation of the fluid equations into CP-conserving and CP-violating components with the
latter being used to compute the baryon yield and with the former for the properties of
the wall. As we have demonstrated in the preceding sections, the properties of the wall are
intimately connected with one another when computed from first principles in a specific
model. Furthermore, it was shown in [94] that solving the CP-violating equations using the
thermodynamic variables in front of the wall, i.e., vy, T\, induces an extra enhancement of
the baryon asymmetry as a function of velocity, though no physical intuition for this effect
was provided in that reference.

We now aim to clarify this situation by comparing a simplified fiducial model with a
more realistic example capturing the dependence on the wall velocity and mimicking the
hydrodynamic effects of the plasma. For the fiducial model we take

ho = %h — T, =100GeV,  Agp = 1TV,
Ly=L,— > s =0 =0, (7.11)

T,

which is similar to the benchmark model used in [91]. To incorporate the wall velocity-
dependence of the width we make use of the results of section 5. From the parameter scan
we found that to a good approximation

)
T+Lh ~ T+LS ~ —, (712)

Vw

123ee in addition figures 1, 2 of ref. [172], which used a different set of fluid equations with higher-order
moments.
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Figure 11. Baryon yield as a function of velocity for the fiducial point (7.11) and using the fits of
egs. (7.12) and (7.13).

where Ty = T, is the temperature just in front of the wall and the heating is not a strong
effect since the strength parameter « is very small. Similarly, the fluid velocity in front of
the wall can be fitted as

Vw Vw < Cs
vy~ 03’2 ’ (7.13)
o Vw > Cs

where, again, one normally expects vy < v, for deflagrations and hybrids but the effect is
not strong enough since the transitions are very weak. Only for hybrids do we start seeing
a noticeable deviation. We compare in figure 11 the output of these two implementations,
noticing that the fiducial curve closely matches figure 3 of [91]. On the other hand, the
curve obtained from the fit clearly shows a sustained growth for low and high (v, > cs)
velocities. The drop in the middle region can be attributed to the velocity dependences
of other properties of the wall, e.g., the profile amplitudes which we do not consider. In
summary, the baryon asymmetry is enhanced for faster walls (within deflagrations and
hybrids) because 1) faster walls are thinner and 2) the fluid velocity in front of the wall
decreases [173] and one has n oc 1 /vy [91].

In analogy with our results for the bubble wall properties shown in the previous section,
we show in figure 12 the results for the CP-violating model. We see that the range of
the strength parameter « is significantly smaller than in the generic model without CP
violation. As a consequence, the analytic formula yields underestimates for all the points
and, as we saw in figure 4, the relative error is significant. Because of the low values of «,
the GW signal is too small to be measured in planned experiments. In summary: when the
properties of the wall are calculable the GW signals are not strong enough to be measurable
in forthcoming experiments, and the GW spectra in the models with and without CP

violation look very similar.
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Figure 12. The wall velocity as a function of the strength parameter « for the CP-violating model.
The lines and the colour coding of the points are the same as in figure 3.

It is well known that in the SM the perturbative effective potential develops an instability
at a scale ~ 10'2 GeV induced by the negative renormalization of the Higgs quartic coupling
that is induced by the top quark Yukawa coupling. Therefore the rescaling of the top
Yukawa rescaling raises a natural question: what is the impact of this rescaling on the
stability and perturbativity of the potential at higher energy scales? A dedicated answer
lies beyond the scope of the present paper, but we have investigated this question using the
1-loop renormalization group equations, as described in an appendix. As seen in figure 13,
we have found that only a modest number of points (coloured red) are ruled out because
instability sets in below Acp, that there are many points which are no more unstable than
the SM, and that there are a sizeable fraction of points that are stable and theoretically
consistent up to the Planck scale.

Finally, we display in the left panel of figure 14 the parameter space in the plane of
singlet mass ms and Higgs portal coupling Aps that is consistent with all experimental data
and with a non-zero 17 # 0, and in the right panel we show the allowed parameter space
in the (sinf,mg) plane. The sparseness of the sample for 190 GeV < mg < 300 GeV and
in the small region around mgs ~ 150 GeV is due to the impact of the LHC constraints.
The orange points give n within 10% of the observed value today and thus constitute the
most successful predictions found in the present study. The relatively small mass of the
s boson for such scenarios, mg < 150 GeV, is within the kinematic reach of the LHC for
singlet-like scalar production in association with a ¢ pair, and will be also probed by future
LHC searches in di-boson final states. We also note that increasing the precision of the
eEDM experiment by an order of magnitude (as expected by the ACME Collaboration in
the future [171, 174]) would be sensitive to around 75% of our sample of points that yield
the right baryon abundance. In contrast, as already mentioned, the GW signal is too small

to be observable.
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8 Conclusions

We have revisited in this paper the extension of the SM with one additional gauge singlet
scalar field, allowing the Zo symmetry of the potential to be broken. We have considered
both the case where the symmetry is broken spontaneously and the more general case in
which the potential is extended with extra terms and the symmetry breaking is explicit.
We have investigated details of the electroweak phase transition in the different cases, with
the aim of estimating the possible magnitude of the gravitational wave signal, assessing the
possibility of realising electroweak baryogenesis, and investigating whether they can coexist.

In the case with spontaneous breaking we find that after inclusion of the full one-
loop potential the transitions are always weak, i.e., v/T < 1, which gives little hope for
electroweak baryogenesis. The case with explicit symmetry breaking is more promising,
and may give rise to a transition strong enough for baryon production. We investigate the
bubble wall properties, using the semiclassical fluid equations to calculate the final velocity
and shape of the wall. This allows us to compute accurately the baryon yield, for which we
use a dimension-five operator that couples the singlet scalar to the SM top quarks, yielding
a new source of CP violation. Despite stringent constraints from the experimental limits on
the electron dipole moment and from direct searches for singlet-like scalars at the LHC, we
find that a significant part of the allowed parameter space produces a baryon yield close to
the observed value. Such regions of parameter space are within reach of upcoming LHC
searches, and could also be probed in the future by an O(10) increase in the sensitivity of
electron electric dipole moment experiments.

However, just as in other simple SM extensions [93, 94], we find that all the transitions
capable of producing an appreciable baryon yield result in GW signals that are too weak
to be observed in upcoming experiments. The reason is that, already for weak transitions
with a ~ 0.05, the vacuum pressure becomes sufficiently large that the wall is not stopped
in our semiclassical fluid picture. To be more precise, there is a distinction between weak
transitions for which the hydrodynamical solution is such that the plasma is heated in front
of the wall and stronger transitions that predict a so-called detonation solution in which the
plasma outside the wall has the same temperature as before the transition. If the transition
is strong enough that the heated plasma shell outside the wall disappears the friction drops
substantially and there is no solution up to very large wall velocities where the semi-classical
fluid approximation breaks down. This means that for such strong transitions the wall will
reach a velocity close to the speed of light and the hope of realising electroweak baryogenesis
fades. Because the division between the two cases is at such small transition strength, we
find that only transitions with relativistic walls predict observable gravitational wave signals.

As a by-product we provide an analytical approximation for the wall velocity which
does not require any additional computation beyond those of the standard thermodynamics
parameters used when approximating the GW signal. We have compared this approximation
with our detailed numerical results, and find that it gives results that are typically accurate
with within a few percent. We also find it to be accurate for separating the solutions between
those with slow walls that are appropriate for baryogenesis and those with relativistic walls
that give strong GW signals.
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A One-loop analysis of positivity and perturbativity

The beta functions in the most generic scalar singlet extension without Zy symmetry have
been studied in ref. [175] in the context of vacuum stability and positivity. In this paper we
are only concerned about positivity and perturbativity of the quartic couplings, thus the
relevant RGE system at 1-loop is given by

16728y, = %gi”, (A1)
1672, = —%gé’, (A2)
16728y, = —Tg3, (A.3)
16778, = gyf’ — 8g3y: — %ggyt - ggfyt, (A4)
A2 3, 3 9
16726y = 24X% + Th — 6y} 4+ 1202 X — 9\gs — 3Ag3 + ggf + Zg%g% + gg;*, (A.5)
16753, = ANF + 6AAs — 2 Mo — o uag? + Gy + 1200 (A.6)
16726y, = 2Xns + 18)2, (A7)
with

By = %, t = log u, (A.8)

where g1, g2, g3 are the U(1)y, SU(2);, and SU(3). gauge couplings. Following [176] we
impose as initial conditions

g1(Mz) = 0.344, (A.9)
gg(Mz) = 0.64, (A 10)
g3(My) = 1.22 (A.11)
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We solve the RGE evolution equations from the electroweak scale u = 246 GeV up to

a maximum scale u = Apax at which the quartic couplings fulfill the positivity and

perturbativity conditions. We consider the point to be ruled out if Apax < Acp.
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