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We revisit a model of electroweak baryogenesis that includes a dark matter candidate, and sequesters the
new CP violation required to produce the baryon asymmetry in a dark sector. The model can explain the
baryon asymmetry, dark matter relic density, and long-standing excess of gamma rays from the Galactic
Center. The first order electroweak phase transition induced by the new physics can give rise to
gravitational waves that may be observed in future experiments. The model predicts dark matter signals in
direct detectors, and a significant contribution to the Higgs boson invisible decay width.
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I. INTRODUCTION

The particle physics nature of the dark matter (DM) of
the Universe continues to be elusive, with so far no positive
signals from direct detection experiments or collider
searches. At the same time, a highly testable framework
to understand the baryon asymmetry of the Universe,
electroweak baryogenesis (EWBG), remains unconfirmed
by collider searches for new particles at the TeV scale,
which should be present to enable it. However there is a
long-standing hint for dark matter annihilation at the center
of our Galaxy, with a weak-scale cross section close to that
needed for the “WIMP miracle,” which gives the desired
dark matter relic density. This suggests new physics at the
weak scale, which could coincide with the requirements of
EWBG. These include the need for the electroweak phase
transition to become first order, which might produce
observable gravitational waves in several upcoming experi-
ments. It is therefore timely to explore possible links
between the Galactic Center excess (GCE) and EWBG.
The GCE is an excess of GeV-scale gamma rays coming

from the Galactic core, detected by the Fermi Large Area
Telescope [1]. The signal spectrum is diffuse and continu-
ous, indicating that it is not the result of a decaying particle
or the direct product of an annihilation process, which
would produce monochromatic lines. Astrophysical
sources, in particular millisecond pulsars (MSPs), have
been proposed as a possible origin for the signal. However,
the observed isotropy and smoothness of the GCE, and the
lack of any resolved MSPs in the Galactic Center, challenge

this explanation [2]. Many studies have attempted to
distinguish the possible sources of the GCE by studying
the statistics of the individual photons and the morphology
of signal (cf. Refs. [3–5] for a few recent examples), but so
far they have yielded no definite preference between the
DM and MSP hypotheses. The Cherenkov Telescope Array
is expected to provide a more definitive test within a few
years [6].
A possible explanation for the GCE is the annihilation of

a ∼50 GeV dark matter particle into standard model (SM)
fermions. The annihilation cross section matches that of a
thermal relic, hσvi ∼ 10−26 cm3=s. In particular, annihila-
tions into bottom quarks [3,7], electrons, or muons [8]
provide a good fit to the GCE spectrum.
The bb̄ annihilation channel suggests models of Higgs

portal DM, since bb̄ would naturally be the dominant final
state. The Higgs portal is generic in models of EWBG that
extend the SMwith a gauge singlet real scalar field s. These
models typically introduce a tree-level barrier for the Higgs
field, which strengthens the electroweak phase transition,
provided that s gets a VEV. Higgs-singlet mixing then leads
to Higgs portal interactions with the dark sector.
New sources of CP violation beyond the standard model

are needed for EWBG, and these can often lead to severe
constraints, due to improved limits on the electron and
other electric dipole moments. This pressure can be eased
by moving the CP violation into a hidden sector, which
creates the opportunity to provide a dark matter candidate
that plays a role in EWBG.
In the present work, we revisit the model proposed in

Ref. [9] in which the gauge singlet s is coupled to an inert
SUð2Þ doublet, and to a ∼50 GeV Majorana fermion,
which is both a suitable dark matter candidate as well as
a possible origin for the GCE. We make a number of
improvements on the original analysis. We fully take into
account the explicit breaking of the Z2 symmetry s → −s,
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numerically solve for the nucleation action, including the
full thermal potential and counterterms, and we use updated
transport equations and determinations of the bubble wall
velocity to predict the baryon asymmetry of the Universe
(BAU). We quantify the production of gravitational waves
(GWs) during the phase transition. Finally, we show how
the model is constrained by direct searches for dark matter,
dipole moments, new charged particles, and invisible Higgs
decays.

II. MODEL

To boost the strength of the electroweak phase transition
(EWPT) from being a smooth crossover to first order, we
adopt the singlet scalar extension of the Standard Model,
with explicit breaking of the Z2 symmetry s → −s.
Simplified treatments that impose this symmetry are
possible, in which it is spontaneously broken in a first
step leading to the EWPT, but then restored as the transition
completes [10–12]. In the present work, we are interested in
the vacuum expectation value (VEV) of s surviving at low
temperatures, so that s can mix with the Higgs boson at late
times. Z2 symmetry breaking is also required for EWBG;
without it, the Universe would be made of an equal number
of regions with opposite baryon number, canceling the
global BAU. The full effective potential governing the
phase transition can be written as

Veff ¼ V0ðh; sÞ þ VCWðh; s; TÞ þ VTðh; s; TÞ þ δVðh; sÞ;
ð1Þ

where the separate terms represent the tree-level, Coleman-
Weinberg (CW), thermal, and counterterms potentials,
respectively.
In unitary gauge, the tree-level scalar potential is

V0 ¼ −
1

2
μ2hh

2 þ 1

4
λhh4 −

1

2
μ2ss2 þ

1

4
λss4 þ

1

4
λhsh2s2

−
1

2
Ahsh2s −

1

3
A3s3: ð2Þ

The tadpole term A3
1s can be removed without loss of

generality by shifting the singlet field by a constant. We
assume Ahs > 0, which ensures s acquires a positive VEV
in the broken electroweak phase, as explained in Sec. III.
Setting the Higgs VEV to hhi≡ v0 ¼ 246 GeV and its

mass to mh ¼ 125 GeV allows us to fix the values of μ2h
and λh, leaving μ2s ; λs; λhs; Ahs, and A3 as free parameters in
the scalar potential. The other terms in the effective
potential and the mass eigenvalues in our model are
presented in Appendixes A and B.
Although the Z2-breaking couplings Ahs and A3 could

take any values, they are constrained by limits on Higgs-
singlet mixing and stability of the electroweak symmetry
breaking vacuum. In our analytical estimates, we will

therefore assume those parameters (which have dimensions
of mass) are small compared to the weak scale. However we
have imposed no strict bounds in our Monte Carlo numeri-
cal scan.
For EWBG, not only is a strong EWPT needed, but also

a new source of CP violation that can produce particle
asymmetries near the bubble walls. For this purpose, and to
introduce a dark matter candidate, we include a Majorana
fermion χ and an inert SUð2Þ doublet ϕ, which have the
interactions

L ⊃
1

2
χ̄ðMχ þ ηeiγ5θηsÞχ þ ½yχL̄τϕPRχ þ H:c:�: ð3Þ

The doublet ϕ has hypercharge −1, like SM left-handed
fermions. We couple ϕ to a single SM lepton doublet Lτ ¼
ðντ; τ−ÞT to avoid constraints on lepton-flavor violation.
For our parameters of interest, couplings to electrons or

muons are generally ruled out by measurements of their
electric and magnetic dipole moments as we discuss in
Appendix C. We forbid those interactions by including an
approximate τ lepton number global symmetry and by
assigning tau lepton number 1 to ϕ. Additionally, this
excludes the lepton-number violating coupling λ5ðϕ†HÞ2,
which could generate a large Majorana mass for ντ. For
simplicity, we have neglected tree-level lepton number-
preserving couplings between ϕ and the SM Higgs doublet.
In Eq. (3), we assume the massMχ and Yukawa coupling

yχ are real, since any complex phase can be absorbed by
field redefinitions of χ and ϕ. The coupling η is real by
hermiticity, and can be taken to be positive since a minus
sign could be absorbed by θη → θη þ π. The θη phase is CP
violating if it differs from 0 or π; in that case, the singlet-
fermion coupling is a combination of scalar and pseudo-
scalar interactions. During the EWPT, the singlet profile
sðzÞ1 induces a spatially dependent CP-violating phase for
the χ mass,

θχðzÞ ¼ arctan

�
η sin θηsðzÞ

Mχ þ η cos θηsðzÞ
�
; ð4Þ

which gives rise to a CP-violating force that acts oppositely
on the two helicities of χ. The resulting helicity asymmetry
near the bubble wall gets partially converted to a local Lτ

asymmetry by inverse decays into ϕ and other scattering
processes. Finally, electroweak sphalerons redistribute the
imbalance of left-handed leptons to baryons, resulting in
the BAU.
Because the singlet VEV does not vanish at zero

temperature, the χ mass eigenvalue mχ is different from
the Lagrangian parameter Mχ, cf. Eq. (A8). Here we focus

1z denotes distance transverse to the bubble wall, with z > 0
denoting the symmetric phase outside of the bubbles and z < 0
the broken phase within.
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on the case where mχ < fmϕ; msg, making χ the dark
matter candidate. Its stability is ensured by the Z2 sym-
metry under which χ and ϕ change sign. Its relic density is
set by the thermal freeze-out of the two annihilation
channels shown in Fig. 1, χχ → LτL̄τ via ϕ exchange,
and χχ → bb̄ via Higgs portal coupling.2 The latter process
can also explain the origin of the GCE signal, since DM
annihilation into b quarks has been shown to be compatible
with the observed excess.

III. FIRST ORDER EWPT

We begin by constructing the scalar potential and
describing how the singlet field can make the EWPT
strongly first order, through a two-step phase transition
in which s first develops a VEV. At zero temperature, there
are two metastable vacua, which are located at

hhi ¼ 0; hsi ¼ A3 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
3 þ 4λsμ

2
s

p
2λs

≈�
ffiffiffiffiffi
μ2s
λs

s
; ð5Þ

where we approximated A3 ≪ λsμs. In the true vacuum of
the tree-level potential, the two scalar fields acquire VEVs
hhi ¼ v0 ¼ 246 GeV and hsi ¼ s0 that satisfy

λhv20 þ
1

2
λhss20 − Ahss0 − μ2h ¼ 0; ð6Þ

λss30 þ
1

2
λhss0v20 −

1

2
Ahsv20 − A3s20 − μ2ss0 ¼ 0: ð7Þ

For a given set of parameters, the latter equation can be
solved for s0 numerically or using Cardano’s formula, but a
good estimate is given by

s0 ≈
1

2

Ahsv20�
1
2
λhsv20 − μ2s

� ≈
1

2

Ahsv20
m2

s
; ð8Þ

for small Z2-breaking parameters. Assuming Ahs > 0, s0 is
always positive.
One can fix the value of μ2h using Eq. (6), then plug the

result in the scalar mass matrix M2 to set λh such that the
Higgs mass eigenvalue is mh ¼ 125 GeV, cf. Eq. (A4).

Importantly, the gauge singlet and the Higgs boson mix
after electroweak symmetry breaking, with mixing angle
given by

θhs ¼
1

2
arctan

�
2M2

hs

M2
ss −M2

hh

�
: ð9Þ

In the true vacuum M2
hh ¼ 2λhv20, M

2
ss ¼ 2λss20 − A3s0 þ

Ahsv20=2s0 and M2
hs ¼ λhsv0s0 − Ahsv0.

At high temperature and in the limit of small Z2-breaking
terms, thermal corrections keep the fields in the electro-
weak symmetric (h ¼ 0) vacuum while s gets a large VEV.3

Below a critical temperature Tc, this vacuum becomes
metastable and, assuming there is a barrier in the potential,
the fields can tunnel to the true global minimum at h ≠ 0.
The tunneling rate per unit volume Γ is set by the Oð3Þ-
symmetric Euclidean bubble action S3,

Γ ≈ T4

�
S3
2πT

�
3=2

exp

�
−
S3
T

�
; ð10Þ

where

S3 ¼ 4π

Z
r2dr

�
1

2

�
dh
dr

�
2

þ 1

2

�
ds
dr

�
2

þ Veff

�
: ð11Þ

The relevant temperature for the phase transition is the
nucleation temperature Tn at which the probability that a
bubble nucleated inside a Hubble volume reaches unity [13],

1 ¼
Z

Tc

Tn

dT
T

Γ
H4

¼
Z

Tc

Tn

dT
T3

H4

�
S3
2πT

�
3=2

e−S3=T: ð12Þ

For the EWPT, the nucleation temperature satisfies
S3=Tn ≈ 140. The strength of the phase transition is charac-
terized by the ratio vn=Tn, where vn is the Higgs VEVat Tn.
Preventing washout of the baryon asymmetry by electroweak
sphalerons inside the bubble requires vn=Tn ≳ 1.1.

A. Impact of Z2 breaking parameters

Breaking the Z2 symmetry s → −s is essential if one
wants to achieve EWBG and study Higgs-singlet mixing at
low temperatures. In Ref. [9], it was sufficient to posit a
very small degree of Z2 breaking for EWBG, but larger
levels have interesting effects on the EWPT, as we
summarize here [14–19].
In particular, Z2-breaking terms lower the critical tem-

perature of the phase transition by decreasing the potential
energy of the metastable vacuum, delaying the moment
when it becomes degenerate with the true vacuum. Because

FIG. 1. Main DM annihilation channels. The cross within a
circle represents the Higgs-singlet mixing.

2The Higgs portal allows decays to all SM fermions, but b
quarks dominate.

3At very high temperature, the thermal potential keeps both
fields near the origin, ðh; sÞ ¼ ð0; 0Þ. The singlet scalar gets a
VEV when the temperature drops below another critical point,
T 0
c ≈ μs=

ffiffiffiffiffi
cs

p
, where cs is defined below Eq. (13). We require

T 0
c ≫ Tc.
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the transition takes place at a lower temperature, the Higgs
field tunnels to a larger value, closer to its zero-temperature
VEV. Both of these effects increase the ratio vn=Tn, which
results in a stronger phase transition.
We now describe this effect analytically by studying the

temperature dependence of the scalar potential. First, as
mentioned above, the trilinear coupling Ahs controls the
singlet VEV in the true vaccuum of the theory (s0 ∝ Ahs),
which in turn directly impacts the mixing angle between the
scalar fields (M2

hs ∝ Ahs) and thus the coupling of χ and s
to SM fermions. But the breaking of Z2 can also enhance
the strength of the phase transition as we now review. In
addition to the two couplings Ahs and A3 that appear in the
tree-level scalar potential (2), thermal corrections induce a
third parameter AT that breaks Z2, as can be seen in the
high-T limit,

Vðh;s;TÞ≈V0ðh;sÞþ
1

2
chT2h2þ1

2
csT2s2−ATT2s; ð13Þ

where V0ðh; sÞ is the zero-temperature tree-level potential
and

ch ¼
1

48
ð9g2 þ 3g02 þ 12y2t þ 24λh þ 2λhsÞ;

cs ¼
1

12
ð2λhs þ 3λs þ η2Þ;

AT ¼ 1

12
ðA3 þ 2Ahs −Mχη cos θηÞ:

[Recall that Mχ is the bare mass term defined in Eq. (3)].
Here we only keep terms that are quadratic in T, and we
ignore the CW potential as well as daisy resummation.
Instead, we work to linear order in Z2-breaking parameters
A≡ fAhs; A3; ATg. The full one-loop potential including
resummation is difficult to analyze analytically, but it
would only slightly shift the parameter space where the
following results apply, and the argument given here should
be valid for a wide range of models.
Although the strength of the phase transition is properly

expressed by the ratio vn=Tn at nucleation, analytical
treatment of the nucleation temperature and its dependence
on A parameters via Eq. (12) is laborious. We will instead
consider the impact of A on the critical temperature Tc and
corresponding Higgs VEV vc, keeping in mind that vn=Tn
is strongly correlated with vc=Tc [9,20].

In what follows, parameters denoted with a tilde will
refer to the expected values in the limit of Z2 symmetry,
A → 0. In the electroweak symmetric phase (h ¼ 0), there
are two minima at

sðTÞ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2s − csT2

λs

s
þ 1

2

�
A3

λs
þ ATT2

μ2s − csT2

�
þOðA2Þ

≡�s̃ðTÞ þ 1

2λs

�
A3 þ AT

T2

s̃2

�
; ð14Þ

where s̃ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðμ2s − csT2Þ=λs

p
. The A parameters break the

degeneracy between the two minima, such that the potential
of the global minimum is lower than the Z2 symmetric case,

VSðTÞ ¼ −
ðμ2s − csT2Þ2

4λs
− s̃3

����A3

3
þ AT

T2

s̃2

����þOðA2Þ

≡ ṼSðTÞ − s̃3AðTÞ: ð15Þ

Here we introduced the linear combination AðTÞ ¼
jA3=3þ ATT2=s̃2j.
On the other hand, in the broken electroweak phase

(h ≠ 0), the singlet acquires an OðAÞ VEV, cf. Eq. (8),
which has no impact on the potential energy to linear order
in A. Therefore, the Higgs VEV and potential energy at a
given temperature are equal to those in the Z2-symmetric
scenario,

hðTÞ ¼ ṽðTÞ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2h − chT2

λh

s
; ð16Þ

VBðTÞ ¼ ṼBðTÞ≡ −
ðμ2h − chT2Þ2

4λh
: ð17Þ

Equations (15) and (17) show that AðTÞ decreases the
potential difference between the false and true vacuum (i.e.
ΔV ¼ VS − VB is more negative at high temperatures).
This lowers the critical temperature Tc (and the nucleation
temperature Tn, by extension) as it takes longer for the
potential of the broken phase to become degenerate with
the electroweak symmetric vacuum. This in turn increases
the Higgs VEVat Tc by virtue of Eq. (16) and increases the
ratio vc=Tc, resulting in a stronger phase transition.

TABLE I. Lagrangian parameters for two benchmark models and statistical distribution of models that yield successful baryogenesis
and DM abundance, as explained in the text. Dimensionful quantities are in GeV.Mχ is the bare mass term appearing in Eq. (3); the mass
eigenvalue mχ is field dependent [cf. Eq. (A8)] and given in Table II. In both models, ms ∼ 100 GeV (see Table II).

Model μs λs λhs Ahs A3 Mχ η θη yχ mϕ

1 58.6 0.12 0.42 2.4 −5.4 48.6 0.42 −1.4 0.61 132.8
2 60.0 0.10 0.48 0.7 −2.6 63.8 0.21 0.21 0.56 101.9
Mean 62.2 0.20 0.92 7.4 1.5 59.6 0.74 −0.14 0.66 127.3
Std. dev. 9.6 0.11 0.38 8.5 10.4 22.0 0.32 1.9 0.10 15.0
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We can find the shift in critical temperature by equating
VBðTÞ and VSðTÞ, making the ansatz T2

c ¼ T̃2
c þ δT2 and

Taylor expanding to linear order in δT2. We find

δT2 ¼ −
s̃3cAc

jṼcj1=2ðch=
ffiffiffiffiffi
λh

p
− cs=

ffiffiffiffi
λs

p Þ : ð18Þ

The subscript c indicates quantities evaluated at the Z2-
symmetric critical temperature, e.g. Ac ¼ AðT̃cÞ, where

T̃2
c ¼

μ2h=
ffiffiffiffiffi
λh

p
− μ2s=

ffiffiffiffi
λs

p
ch=

ffiffiffiffiffi
λh

p
− cs=

ffiffiffiffi
λs

p : ð19Þ

In Eq. (18), Ṽc is the potential energy of both minima at T̃c,
in the limit A → 0. Note that δT2 is always negative since
ch=

ffiffiffiffiffi
λh

p
> cs=

ffiffiffiffi
λs

p
is a necessary condition in the Z2-

symmetric model for the broken vacuum h ≠ 0 to be the
global minimum below the critical temperature. Therefore,
explicit Z2-breaking terms always tend to lower the critical
temperature and increase the strength of the phase tran-
sition. We have checked this by performing a numerical
scan where all parameters were fixed except for A3, Ahs,
and cos θη, which were chosen randomly in the following
uniform distributions,

A3 ∈ ½−5; 5� GeV; ð20Þ

Ahs ∈ ½0; 5� GeV; ð21Þ

cos θη ∈ ½−0.2; 0.2�: ð22Þ

Other parameters were fixed to those of Model 2 in Table I.4

In Fig. 2, we plot the critical temperature as a function of
Ac (lower axis) and δTc ≡ δT2

c=ð2T̃cÞ (upper axis) evalu-
ated using Eq. (18). As expected, the critical temperature
decreases linearly with the Z2-breaking parameters, and the
strength of the phase transition increases, as indicated by
the color of the dots. With the parameters we have selected,
Z2-breaking parameters of even a few GeV are enough to
nearly double the strength of the phase transition.
We also note that explicit Z2-breaking terms favor GW

production, as will be discussed in detail in the next section.
In particular, the lower nucleation temperature implies that
the latent heat α ∼ ΔV=ρrad must be evaluated at a lower
temperature, and even thoughΔV decreases withAðTÞ, the
denominator scales as ∼T4

n and decreases more rapidly.
Therefore, the EWPT releases more energy than in the Z2-
symmetric scenario.
The nucleation rate βH is also impacted by the lower

nucleation temperature, as we can estimate from Taylor
expanding the bounce action about Tn as in Ref. [21],

S3ðTÞ
T

¼ S3ðTnÞ
Tn

ð1þ 2xþ 3x2 þOðx3ÞÞ; ð23Þ

where x ¼ ðT − TnÞ=ðTc − TnÞ. This expansion is valid for
Tn ≲ Tc. We also recall that S3ðTnÞ=Tn ≈ 140. One can
then apply the definition of βH, Eq. (25), to find that it
approximately scales as Tn=ðTc − TnÞ. Z2-breaking param-
eters decrease the nucleation temperature and increase the
difference Tc − Tn, thus making βH smaller. Figure 3
shows the variation of α and βH in our scan and their
correlations with Ac.

IV. GRAVITATIONAL WAVES

Sound waves propagating in the plasma as a result of the
first order phase transition (FOPT) are the main source of
gravitational waves in our model. To estimate the strength
of the GW signal and compare it with the sensitivity of
future detectors, one must compute the gravitational wave
spectrum Ωgw from the dynamical parameters of the phase
transition.
There are three parameters that are needed to quantify

GW production. (i) The vacuum energy released in the
plasma during the FOPT, relative to the radiation energy
density in the plasma, is

FIG. 2. Variation of the critical temperature Tc with the linear
combinationAc defined in the text for our numerical scan, where
Z2 breaking parameters A3, Ahs, and cos θη were varied randomly.
The upper axis shows the corresponding values of estimated
temperature shift δTc obtained from Eq. (18). Coloring of the dots
indicates the strength of the phase transition vn=Tn.

4In our scan, we find that the analytical expressions for s̃, Ṽc,
and T̃c are generally in poor agreement with numerical values
obtained with CosmoTransitions. This is because our argument
ignored contributions such as the CW potential and daisy
resummation, which do not change our conclusion but slightly
shift the critical temperature and fields VEVs when taken into
account. For this reason we used the numerical values of s̃, Ṽc,
and T̃c rather than the analytical expressions in our estimate of
δT2

c.
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α ¼ 1

ργ

�
ΔV −

Tn

4
Δ
dV
dT

�
; ð24Þ

where ργ ¼ π2g�T4
n=30 and Δ indicates the difference

between the false and true vacuum of the transition.
(ii) The inverse timescale of the phase transition is
characterized by the parameter

βH ¼ β

H
¼ Tn

d
dT

�
S3
T

�����
T¼Tn

: ð25Þ

GW production is typically favored for large α and small
βH. (iii) The final parameter is the wall velocity vw, which
also plays a significant role in the computation of the BAU.
When our model was first proposed in Ref. [9], the wall
was assumed to be subsonic, vw ∼ 0.1. However, many
recent papers have shown that vw is usually closer to the
speed of sound in the plasma, vw ∼ cs ¼ 1=

ffiffiffi
3

p
, for singlet

scalar extensions of the SM. Very strong transitions
(α ≳ 0.1) can even lead to ultrarelativistic velocities,
vw → 1. The latter scenario is undesirable in the context
of EWBG, as it leads to vanishing BAU.
Determination of the wall velocity is a difficult problem,

requiring the solution of Boltzmann equations for fluid
perturbations, coupled to the scalar field equations of
motion. Their solutions were considered by several studies
in the context of the EWPT within the singlet scalar
extension of the SM, using various approximations
(cf. Refs. [11,12,22,23] for a few recent examples). For
instance, Refs. [12,23] found that transitions of moderate
strength (0.01≲ α≲ 0.04) lead to runaway detonation
solutions (vw → 1) or a hybrid deflagration regime
cs ≲ vw ≲ vJ, where vJ is the Chapman-Jouguet velocity,

vJ ¼
1ffiffiffi
3

p 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3α2 þ 2α

p

1þ α
: ð26Þ

Reference [23] showed that, for our region of interest λhs ≲
1 and ms ∼ 120 GeV, the wall velocity fell in the hybrid
regime. Furthermore, our model includes an additional
contribution to the pressure from the singlet-DM interac-
tion, which will help prevent the wall from reaching an
ultrarelativistic velocity. Thus we can safely assume that
most models in our scan yield a hybrid deflagration
solution rather than a runaway detonation.
Typically, vJ is only ∼15% greater than cs, making the

range of possible velocities quite narrow in the hybrid
regime. Numerically, we have found that a 15% variation of
vw impacted the final BAU in a similar proportion (with
greater velocities resulting in a smaller BAU; this is
consistent with the results of Ref. [24]), but had virtually
no impact on the GW spectra of Fig. 4. For simplicity, we
will assume vw ≈ vJ, keeping in mind that a more accurate

FIG. 3. Correlation of α (left) and βH (right) with the critical and nucleation temperatures in our second scan. Coloring of the dots
indicates the temperature shift parameter δTc due to explicit Z2 breaking in each model.

FIG. 4. Comparison of the peak amplitude and frequency of the
gravitational wave spectrum with peak-integrated sensitivity
curves of future detectors. Coloring of the dots shows the
nucleation temperature Tn. Also shown are the two benchmark
models of Table I.
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treatment could be necessary to correctly assess the success
of the EWBG.
The observable GW spectrum produced by sound waves

in the plasma is [25]

ΩgwðfÞh2¼ 2.06Fgw;0Ω̃gw
ðH�R�Þ2ffiffiffiffi
K

p þH�R�
K2Cðf=fp;0Þ; ð27Þ

where Fgw;0 ¼ 3.57 × 10−5ð100=g�Þ1=3 is the energy red-
shift due to the expansion of the Universe, Ω̃gw ¼ 0.012 is a
numerically determined constant that measures the effi-
ciency of GW production, H� is the Hubble parameter at
percolation, and R� is the mean bubble center separation,
given by H�R� ≈ ð8πÞ1=3vw=βH. The kinetic energy frac-
tion is K ¼ κα=ð1þ αÞ where, assuming vw ≈ vJ, κ ≃ffiffiffi
α

p
=½0.135þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0.98þ α
p � is the efficiency with which

vacuum energy is converted into kinetic energy [26].
The last factor is CðsÞ ¼ s3ð7=ð4þ 3s2ÞÞ7=2, the spectral
shape around the peak frequency,

fp;0 ≃ 2.62 × 10−5
�

1

H�R�

��
Tn

102 GeV

��
g�
100

�1
6

Hz: ð28Þ

Having determined the spectrum, we can check whether
a GW signal is detectable by computing the signal-to-noise
ratio (SNR),

SNR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T
Z

fmax

fmin

df

�
ΩgwðfÞ
ΩnoiseðfÞ

	
2

s
: ð29Þ

Here, T is the duration of the experiment and Ωnoise is the
noise spectrum of a given detector. Whenever the SNR is
greater than a certain threshold SNRthr the signal is
detectable. We take T ¼ 4 years and SNRthr ¼ 10.
Instead of computing the integral of Eq. (29) directly, we

use the peak-integrated sensitivity curves (PISCs) intro-
duced in Refs. [27,28] to determine whether a given GW
spectrum is observable. Normalization of the PISCs is such
that, whenever the peak amplitude is greater than ΩPISCh2,
the SNR is above the detection threshold. We use the fit
functions given in Ref. [28] for LISA, DECIGO, and BBO.
These curves are shown in Fig. 4, along with prediction
from our main Markov chain Monte Carlo (MCMC) scan
over parameters, to be described in Sec. VIII. One can see
that models with a range of sufficiently low nucleation
temperatures Tn ≲ 120 GeV are likely to be detectable.
(Figures 2 and 3 show results from the separate scan over
Z2-breaking parameters of Sec. III A, which explored a
more limited range of nucleation temperatures.)

V. WALL PROFILES

Knowledge of the bubble wall profile ðhðzÞ; sðzÞÞ is
essential to solve the transport equation and evaluate the

resulting BAU. Its full computation involves solving a
system of partial differential equations for the scalar fields
coupled to a perfect background fluid, which is numerically
expensive and outside the scope of this work.
Reference [29] proposed a self-consistent algorithm to
obtain the wall shape in strong EWPTs with a scalar
singlet and found that the fields could be described by a
tanh profile, to a good approximation. For simplicity, we
therefore assume the Higgs field follows the ansatz

hðzÞ ¼ vn
2

�
1 − tanh

�
z
Lw

��
; ð30Þ

where Lw is the wall thickness.
A similar ansatz is often used for the singlet profile.

Here, we instead follow the strategy used in Ref. [9] by
minimizing the potential along the radial coordinate in field
space, ð∂ρVeffÞjθ ¼ 0, for all values of θ between the two
vacua. Combining the resulting field space trajectory with
the spatial dependence of Eq. (30) allows us to get the
singlet wall profile. The wall profiles for Model 1 of Table I
are illustrated in Fig. 5 (the benchmark models will be
described in Sec. VIII). For numerical purposes, we found
that sðzÞ can be well fit by a deformed hyperbolic tangent
function,

sðzÞ ≈ s0n þ
sn − s0n

2
½1þ tanhðP5ðz=LwÞÞ�; ð31Þ

where P5ðxÞ ¼
P

5
i¼0 aix

i is a fifth-order polynomial and
the coefficients ai are parameters of the fit.
We estimate Lw following Ref. [30]. In the thin-wall

approximation, the bubble radius R is much bigger than the
wall thickness. One can therefore substitute r → R and
dr → dz in the bubble action (11), where R is a constant
and z is the direction transverse to the wall. Assuming the
false and true vacua are nearly degenerate, the action can
then be approximated by

FIG. 5. Example of wall profiles hðzÞ and sðzÞ at nucleation for
Model 1 of Table I.
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S3 ≈
c1
Lw

ðv2n þ Δs2nÞ þ c2LwVb; ð32Þ

where c1, c2 are numerical constants, Δsn ¼ s0n − sn and
Vb is the potential barrier separating the two minima, which
we evaluated numerically. Minimizing S3 with respect to
Lw leads to

L2
w ≈

c1
c2

v2n þ Δs2n
Vb

: ð33Þ

In the limit of small Z2 symmetry breaking, one can use the
ansatz h ¼ vn cosϕðzÞ and s ¼ sn sinϕðzÞ in the action,
where ϕðzÞ ¼ π=4½1þ tanhðz=LwÞ�, and numerically solve
for c1 and c2. This yields c1=c2 ≈ 0.169.5 A similar
argument made in [31] yields a coefficient of ∼1=8, while
Ref. [11] obtained the value∼1=4 by taking moments of the
fields’ equations of motion, but also showed that this
approximation overestimated the width of the singlet wall
by ∼20%, so we expect our estimate of Lw to be valid up to
a few percent. We find that this uncertainty affects the
prediction for the BAU by a similar amount.

VI. ELECTROWEAK BARYOGENESIS

To estimate the resulting BAU in our model, we closely
follow the analysis made by Ref. [9], but with the revised
transport equations presented in Ref. [24] that are valid for
high wall velocities. In the wall frame, the distribution
function of a given species can be parametrized as

f ¼ 1

eβ½γwðEwþvwpzÞ−μ� � 1
þ δf; ð34Þ

where the plus (minus) sign is for a fermion (boson),
β ¼ 1=T, γw ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2w

p
, μ is a pseudochemical poten-

tial that parametrizes the local particle asymmetry, and δf is
an unspecified function that satisfies

Z
d3pδf ¼ 0: ð35Þ

The time-independent Boltzmann equation is

ðvg∂z þ F∂pz
Þf ¼ C½f�: ð36Þ

We solve it by expanding f to linear order in perturbations
μ and δ, and by taking the first two moments (m ¼ 0, 1) of
the resulting equation,


�
pz

E

�
m
L

�
¼

�

pz

E

�
m
ðS þ δCÞ

�
: ð37Þ

The moment average is defined as the phase space integral
divided by a normalization factor,

hXi≡ 1

N1

Z
d3pX; ð38Þ

where

N1 ¼ γw

Z
d3p

∂f0;FD
∂E

¼ −γw
2π3

3
T2: ð39Þ

In Eq. (39), f0;FD ¼ ðeβE − 1Þ−1 is the equilibrium dis-
tribution function for a massless fermion in the fluid frame.
Both bosons and fermions have the same definition for the
normalization constant. This choice ensures that collision
terms are equal for processes with equal rates.
We obtain a set of coupled equations for the pseudo-

chemical potential μ and the velocity dispersion u of each
species, defined as

u ¼

�

pz

E

�
δf

�
: ð40Þ

CP-odd components of these equations allow us to com-
pute the resulting baryon asymmetry. The only relevant
species are χ, ϕ and the SUð2Þ doublet Lτ. Variation of the
complex χ mass in the wall sources the asymmetry, which
is then transferred to Lτ and the SM, principally via inverse
decays of ϕ. We write the fluid equations in terms of the
two-vectors wi ¼ ðμi; uiÞT ,

Aχw0
χ − ðm2

χÞ0Bχwχ ¼ Sχ þ δCχ ;

Aϕw0
ϕ ¼ δCϕ;

Aτw0
τ ¼ δCτ;

where

A ¼
�−D1 1

−D2 R

�
; B ¼

�
vwγwQ1 0

vwγwQ2 R̄

�
; ð41Þ

and the source term is Sχ ¼ ðS1; S2ÞT , with

Sl ¼ −vwγwh½ðm2θ0Þ0Q8o
l − ðm2Þ0m2θ0Q9o

l �: ð42Þ

Primes indicate derivatives with respect to z, the direction
transverse to the wall. The functions Dl, Ql, R, and R̄ are
defined in Ref. [24]. In the source term, m2 ¼ jmχðzÞj2,
θ ¼ argðmχðzÞÞ [cf. Eq. (4)] and h ¼ �1 is the helicity.65In Eq. (46) of Ref. [30], the authors write a coefficient of

∼2.7. This includes an extra factor of 16 taken out of their
expression for the potential barrier Vb. Thus our result agrees
with theirs.

6The CP-odd equation is obtained by subtracting the h ¼ þ1
equation from the −1 equation.
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The collision vectors are δCi ¼ ðKi
0δC

i
1; δC

i
2Þ, where

δCχ
1 ¼ 2Γhfμχ þ 2Γd;χðμχ þ cμτ − cμϕÞ;

δCϕ
1 ¼ Γd;ϕðμϕ − μτ − cμχÞ þ 2Γ×;ϕðμϕ − μτÞ;

δCτ
1 ¼ Γd;τðμτ þ cμχ − μϕÞ þ 2Γ×;τðμτ − μϕÞ;

and δCi
2 ¼ −Γi

totui − vwKi
0δC

i
1. Ki

0 is a factor that was
introduced in [24] as a result of the particular normalization
of themoment averagewe used.Γd is theϕ → χL decay rate,
Γhf is the helicity-flipping rate due to χϕ → χϕ scattering,
Γ× is the ϕL̄ → ϕ�L scattering rate, Γi

tot is the interaction
rate, and c is a helicity-flipping factor in ϕ decays. All of
these parameters are derived in Appendixes B–D of Ref. [9].
The fluid equations can be combined into a simple linear

system for the vector U ¼ ðwχ ; wϕ; wτÞT,

AU0 ¼ ΓU þ S; ð43Þ

where A ¼ diagðAχ ; Aϕ; AτÞT , Γ combines the collision
terms and the B matrix term, and S ¼ ðSχ ; 0; 0ÞT . This
system can be solved with a relaxation algorithm, by
imposing the boundary conditions μi ¼ 0 at z → �∞.
We used the Fortran routine TWPBPVPC [32] for this
purpose. An example of solution is illustrated in Fig. 6
for benchmark Model 1 of Table I.
With the solution for μτðzÞ, one can compute the BAU

using

ηB ¼ 405Γsph

4π2vwγwg�T

Z
dzμτfsphe−45Γsphjzj=4vwγw ; ð44Þ

where the sphaleron rate is Γsph ¼ 1.0 × 10−6T and the
factor

fsph ¼ min

�
1;
2.4T
Γsph

e−40hðzÞ=T
�

ð45Þ

smoothly interpolates the sphaleron rate between the
broken and unbroken phases. We then compared our result
with the observed BAU, ηB0 ¼ 8.7 × 10−11. Results of our
MCMC scan (see Sec. VIII) for the correlation of BAU
predictions versus dark matter relic density are shown in
Fig. 7. We are able to match the observed baryon
asymmetry for reasonable values of the parameters, as
we will further discuss in Sec. VIII.

VII. DARK MATTER RELIC DENSITY
AND GCE SIGNAL

Two annihilation channels determine the relic density of
dark matter, as shown in Fig. 1. The first is annihilation into
τ lepton doublets LτL̄τ via ϕ exchange. The cross section is
p-wave suppressed, and its thermal average is [9]

FIG. 6. Solution to the transport equations for Model 1
presented in Table I.

FIG. 7. DM relic density and BAU for a sample of our Monte Carlo scan. Coloring of the dots indicates the values of the couplings yχ
(left) and η (right) defined in Eq. (3).
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hσviLτL̄τ
¼ y4χmχðm4

χ þm4
ϕÞT

4πðm2
χ þm2

ϕÞ4
: ð46Þ

The second channel is annihilation into SM left-handed fermions via Higgs-singlet exchange in the s channel. In what
follows we will only consider the dominant b quark final state for the s channel. The cross section is

σðsÞbb̄ ¼
Ncy2bη

2θ2hsðs − 4m2
bÞ3=2

32πs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

χ

q ðm2
h −m2

sÞ2½cos2 θηðs − 4m2
χÞ þ sin2 θηs�

½ðm2
h − sÞ2 þm2

hΓ2
h�½ðm2

s − sÞ2 þm2
sΓ2

s �
ð47Þ

where Nc ¼ 3, yb ¼
ffiffiffi
2

p
mb=v0 and s ¼ ðp1 þ p2Þ2 is the

Mandelstam variable. The decay widths are Γh ≈ 4.1 MeV
for the Higgs [33] and

Γs ¼
η2m2

s

16π

�
1 −

4m2
χ

m2
s

�
3=2

ð48Þ

for the gauge singlet, if mχ < ms=2. Despite being sup-
pressed by the mixing angle θhs ≪ 1, the cross section (47)
is resonantly enhanced if mχ is close to mh=2 orms=2. This
channel also has a velocity-independent (s-wave) contri-
bution proportional to sin2 θη, as can be seen by taking the
limit s → 4m2

χ in the numerator. Due to the resonance, the
partial wave expansion of the cross section is only accurate
for small v. Instead, we computed the thermally averaged
cross section using

hσvi ¼ 1

8m4TK2
2ðm=TÞ

×
Z

∞

4m2

ds
ffiffiffi
s

p ðs − 4m2ÞK1ð
ffiffiffi
s

p
=TÞσðsÞ; ð49Þ

where Ki are the modified Bessel functions of the sec-
ond kind.
Using the full annihilation cross section hσvi ¼

hσviLτL̄τ
þ hσvibb̄, we solved the following Boltzmann

equation for the relic abundance Y ¼ nχ=s,

dY
dx

¼ −
xhσvis
HT¼mχ

ðY2 − Y2
eqÞ; ð50Þ

where x¼mχ=T,HðTÞ¼1.66g1=2� T2=mPl, s¼ðπ2=45Þg�sT3

and the nonrelativistic equilibrium abundance is

YeqðxÞ ≈ 0.145
gχ
g�S

x3=2e−x; x ≫ 1: ð51Þ

The χ relic density is found using [34]

Ωχh2 ¼ 2.82 × 108Y∞

�
m

1 GeV

�
: ð52Þ

This result is to be compared with the observed dark matter
relic density, ΩDMh2 ¼ 0.12. In the following, we allow for
the possibility that the χ particles need not account for all of
dark matter in the Universe, and could rather provide some
fraction of the DM.
The b quark annihilation channel could be responsible

for the GCE signal, if it is dominant over the leptonic
process, since annihilation into τ pairs has been shown to
provide a poor fit to the data [8]. It is therefore important to
estimate cross sections for both channels in the Galactic
Center, which requires knowledge of the DM velocity
dispersion σ2v. Assuming dark matter follows a Maxwell-
Boltzmann distribution, fðvÞ ∼ v2e−3v

2=2σ2v , we can asso-
ciate the velocity dispersion to an effective temperature T ¼
mχσ

2
v=3 to be used in Eqs. (46) and (49). The velocity

dispersion is usually estimated from the virial mass of the
Galactic Center, σ2v ∼GM=r ∼ 10−5, but it has been argued
in Ref. [35] that it could be up to Oð10−2Þ due to “spikes”
in the density profile of dark matter. We will therefore fix
σ2v ¼ 10−2 to assess the possibility that the p-wave τ
channel might exceed the b quark channel.
If 100% of the DM annihilates and contributes to the

GCE, current fits to the data require a thermal cross section
of order hσvi ∼ 10−46 cm3=s. But if χ only represents a
fraction of the total DM, the annihilation cross section must
be increased inversely proportional to the square of the χ
relic density to compensate for the lower number of
collisions in the Galactic Center. We will therefore consider
the following effective cross section,

hσ̃vi≡ hσvi
�

Ωχh2

ΩDMh2

�
2

; ð53Þ

to test whether our model can explain the origin of the GCE
or not.

VIII. SCAN OVER MODEL PARAMETERS

To study the phenomenology of the phase transition, we
performed a random scan over the parameter space of μ2s ,
λs, λhs, Ahs, A3, Mχ , η, and θη, with CosmoTransitions [36] for
computing the bubble action and nucleation temperature of
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the EWPT. We used a MCMC algorithm to focus on the
regions of interest. Starting from a set of parameters that
satisfies all constraints, other trials were generated by
randomly varying all free parameters by small increments.
Models where nucleation occurs were added to the Markov
Chain with probability

P ¼ min

�
vn=Tn

1.1
; 1

�
ð54Þ

as to favor strong first-order phase transitions with suc-
cessful baryogenesis. Out of 150,000 models tested, we
identified 23,797 that yield a FOPT with vn=Tn > 1.1.
Figure 7 illustrates the resulting BAU and χ relic density in
these models. The coloring of the dots highlights the
correlation between yχ and Ωχh2 (left), as well as between
the BAU and the coupling η (right). In our scan, 2,197
models satisfied the bounds

1

2
≤

ηb
ηb;obs

≤ 2;

Ωχh2

ΩDMh2
≤ 2: ð55Þ

We found that, with small adjustments, these models can
generally achieve the right BAU and not overproduce χ
particles, which makes them good candidates for future
phenomenological searches.Wewill therefore focus on those
models when presenting the results of our scan. Two of those
models have been identified in Table I and will serve as
benchmark models in our analysis. Important results for
these benchmark models are presented in Table II.
Figure 8 shows the effective DM annihilation cross

section in the Galactic Center [cf. Eq. (53)], assuming a
velocity dispersion σv ≈ 10−2. Coloring of the dots illus-
trates the branching ratio of the two annihilation channels;
the majority of models (grey dots) annihilate primarily into
τ leptons. For comparison, we also present the best-fit
regions to the GCE signal given Refs. [3,7,8]. All fits
indicate a preference for a DM mass ∼30–50 GeV and a
cross section ∼10−26 cm3=s. The small discrepancy
between the best-fit cross sections is likely due to different
assumptions made about the DM density profile in the
Galactic Center and modeling of the GCE signal. Also

shown are the two benchmark models, whose branching
ratios are given in Table II.
Model 1, in which χ annihilates mostly into b quarks, lies

just outside the 2σ region of the fit made in Ref. [7] to the
GCE signal and could marginally explain the origin of the
gamma rays. Model 2, like all models where χ primarily
annihilates into leptons, does not fit the GCE data well.
Reference [8] showed that DM annihilation into muons or
electrons could both explain the GCE, but the lepton
channel is p-wave suppressed in our model, which makes
it impossible to match the required cross section in the
Galactic Center without overproducing χ particles, even if
we assume the velocity dispersion is large. Couplings of χ
to muons and electrons are also generally ruled out by
experiments as we discuss in Appendix C.
Models that fit the GCE signal are therefore dominated

by the b quark channel. This process is suppressed by the
small mixing angle θhs between the singlet scalar and the

TABLE II. Numerical results for the benchmark models of Table I and statistical distribution among models that yield successful
baryogenesis and DM abundance. Dimensionful quantities are in GeV, except for the Higgs invisible decay rate Γinv. Figures 7–9
illustrate the distribution of the last four quantities in our scan.

Model Tn vn vn=Tn jsnj s0 ms θhs mχ Ωχh2 ηB=ηB;obs hσvibb̄=hσviττ̄ Γinv (MeV)

1 107.3 205.9 1.92 156.5 7.5 97.6 −0.035 49.3 0.121 0.95 8.5 0.30
2 78.4 232.9 2.97 188.6 1.9 104.3 −0.011 64.2 0.123 1.02 4 × 10−4 0
Mean 117.2 185.1 1.61 125.2 9.9 151.3 0.019 59.1
Std. dev. 12.9 21.9 0.41 29.3 10.1 35.2 0.142 18.0

FIG. 8. Effective DM annihilation cross section in the Galactic
Center, assuming σ2v ≈ 10−2. Coloring of the dots indicates the
branching ratio to b quarks versus τ leptons; the majority of
models (grey dots) annihilate primarily into τ. All models shown
here satisfy the bounds (55) on the DM relic density and the BAU,
hence the apparent cutoff on the vertical axis. The orange curves
show 1- and 2-σ best-fit regions to the GCE signal from Ref. [7]
assuming a Higgs portal scenario. The magenta regions illustrate
the best fit regions from Ref. [3] while the cyan cross is from
Ref. [8], both assuming a b quark annihilation channel. The two
diamonds represent the benchmark models of Table I; their
branching ratios are given in Table II.
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Higgs boson, but it can be resonantly enhanced as
explained below Eq. (47). The imaginary part of the χ-
singlet coupling must also be large for the cross section to
survive in the nonrelativistic limit of the Galactic Center.
Given the χ mass favored by GCE data, models that explain
the origin of the signal must generally satisfy

mχ ∼ 30 − 50 GeV;

ms ∼ 2mχ ;

sin θη ∼ 1:

Although Model 2 and the majority of the models in our
scan do not provide a good explanation for the GCE, they
can produce a large GW signal that could be detected in the
near future.
In Fig. 4, we showed the peak amplitude of the GW

spectrum for the successful models in our scan, as well as
the previously discussed PISC curves for future detectors
BBO, DECIGO, and LISA. Model 1 lies in the sensitivity
region of BBO while Model 2, due to the strength of its
phase transition, could produce a signal observable by all
three experiments.

IX. COLLIDER AND ASTROPHYSICAL
CONSTRAINTS

In the previous section, we focused on the interplay
between baryogenesis, gravitational waves, and the
Galactic Center excess. There are further constraints on
the model from the Large Hadron Collider (LHC), Large
Electron–Positron Collider (LEP), and direct/indirect dark
matter detection, which we now discuss. They remove an
Oð1Þ fraction of the previously allowed models, hence they
represent complementary opportunites for discovery.
The Higgs invisible width is constrained to be at most

10.7% of its total width [37], which is 4.1 MeV in the SM.
Therefore, we require Γinv ≲ 0.44 MeV. To satisfy this for
the h → ss channel, we impose thatms > mh=2 so that it is
kinematically blocked. If it were allowed, its rate would be
Γ ∼ A2

hs=ð32πmhÞ, which is ruled out for Ahs≳ few GeV, as
we prefer for getting a strong EWPT. If mχ < mh=2, the
decay h → χχ̄ is allowed by Higgs-singlet mixing. Its
width is

Γinv ¼
η2θ2hsmh

16π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
χ

m2
h

s �
1 − cos2 θη

4m2
χ

m2
h

�
: ð56Þ

For a ∼50 GeV fermion, this leads to a limit
jηθhsj ≲ 0.02 − 0.03, depending on the phase of the sin-
glet-DM coupling θη, becoming less stringent close to the
Higgs resonance. Values of Γinv for models of our scan are
illustrated in Fig. 9. Model 1 lies just below the current
bound and could thus be discovered in the near future.

Mixing of the singlet scalar and the Higgs boson induces
a χ-nucleon interaction, which could lead to the direct
detection of dark matter. The interaction cross section is

σχN ¼ 1

π

�
sin θhsη cos θηyNμχNðm2

h −m2
sÞ

m2
hm

2
s

�
2

; ð57Þ

where μχN is the reduced mass and yN ≈ 0.3mN=v0 is the
Higgs coupling to nucleons. LUX-ZEPLIN (LZ) currently
sets an upper limit of σχN ≲ 2 × 10−48 cm2 [38], which
corresponds to jηθhsj≲ 0.003 − 0.02 depending on ms and
the phase θη. This limit is relaxed if χ does not constitute all
of the dark matter. Figure 10 illustrates the cross section
rescaled by the χ relic density, σ̃χN ≡ σχNðΩχh2=ΩDMh2Þ,
to compare the LZ bound with models where χ is a
fractional component of the total dark matter. Both bench-
mark models are slightly below the current limit.

FIG. 9. Higgs decay rate into χ pairs and upper limit set by
constraints on the invisible decay branching ratio [37].

FIG. 10. Direct detection cross section, rescaled by the χ relic
density as explained in the text. The shaded region is excluded by
LUX-ZEPLIN [38].
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At the LHC, Drell-Yan production of ϕ� pairs and their
subsequent decay into τ�; χ would mimic charged stau τ̃�
production and decay into tau-neutralino pairs in super-
symmetric models, where χ and the neutralino would both
appear as missing energy. Similar experiments at LEP have
ruled out mϕ ≲ 90 GeV for our range of mχ [39–42]. We
therefore focus on mϕ > 100 GeV. We can directly apply
limits set by ATLAS [43,44] on slepton production to our
model since their cross sections are equal. Figure 11 illus-
trates constraints on stau production (green region) as well as
on lighter slepton generations (orange) for comparison.
Bounds on smuon and selectron production are more
stringent and would typically require mχ > mϕ=2.
Although the unshaded region of Fig. 11 allows couplings
to lower generation leptons, they are strongly constrained by
electric dipole moment and anomalous magnetic moment
experiments, as we discuss in Appendix C. For this reason,
we consider couplings only to the τ in our scans.
At the one-loop level, the Yukawa coupling between ϕ

and Lτ contributes to the effective ZL̄τLτ coupling,
violating lepton flavor universality. In particular, the ratio
of Z → eþe− to Z → τþτ− decay widths is constrained by
experiment [45],

ΓðZ → τþτ−Þ
ΓðZ → eþe−Þ ¼ 1.0020� 0.0032:

In our model this ratio can be estimated as [46],7

ΓðZ → τþτ−Þ
ΓðZ → eþe−Þ ≈ 1þ 2gLδgL

g2L þ g2R
ð58Þ

where gL ¼ −1=2þ sin2 θW , gR ¼ sin2 θW are the Z boson
couplings in the SM and δgL is the contribution from new
physics. Reference [47] shows that the one-loop contribu-
tion can be estimated as

δgL ≈
y2χgL
128π2

ð59Þ

up to a loop function ∼Oðm2
χ=m2

ϕÞ≲ 1. In our range of
interest, yχ ∼ 0.6 and the ratio (58) differs from unity by
∼3×10−4,which iswellwithin the experimental uncertainty.
DM annihilation into photons is also possible at the one-

loop level by closing the τ or b external lines in Fig. 1. This
generates a monochromatic signal at energy Eγ ¼ mχ

coming from the Galactic Center, which is constrained
by Fermi-LAT data [7]. Reference [48] computes this
diagram in the nonrelativistic limit. For the virtual lepton
contribution, the amplitude is

B1 ¼
αy2ffiffiffi
2

p
π

�
Li2

�
−
m2

χ

m2
ϕ

�
− Li2

�
m2

χ

m2
ϕ

��

≈ −
ffiffiffi
2

p
αy2

π

ðmχ

mϕÞ
2

þOððmχ=mϕÞ6Þ; ð60Þ

where Li2ðxÞ is the dilogarithm function. The amplitude of
the Higgs portal channel is

B2 ≈

ffiffiffi
2

p
Ncαyfηsθηθhs

π

mχmfðm2
s −m2

hÞ
ðm2

h − 4m2
χÞðm2

s − 4m2
χÞ

×

�
π − i log

�
m2

f

4m2
χ

��2

; ð61Þ

FIG. 11. Distribution ofmχ and mϕ in our scan and comparison
with bounds on Drell-Yan ϕ� production at the LHC [43,44], for
scenarios where ϕ couples to Lτ (green) or Lμ, Le (orange).

FIG. 12. DM annihilation cross section into photons in the
Galactic Center and upper limit from line search constraints
presented in [7].

7A similar argument can be made if ϕ couples to electrons
only, which is marginally allowed, as explained in Appendix C.
One would then also have to consider deviations of the ratio
ΓðZ → μþμ−Þ=ΓðZ → eþe−Þ from unity, which is only con-
strained to ≲2.4 × 10−3.
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where we used mf ≪ mχ . The annihilation cross section is
then given by

hσviγγ ¼
jB1 þ B2j2
128πm2

χ
: ð62Þ

As before, we take the χ relic density into consideration by
comparing the effective cross section defined in Eq. (53)
with the limits set by Fermi-Lat. As shown in Fig. 12, the
model predicts hσ̃viγγ ∼ 10−30 cm3=s, which is about one
order of magnitude below current bounds from monochro-
matic line searches [7].

X. CONCLUSION

We have revisited a model of the electroweak phase
transition and dark matter that provides a very rich interplay
of baryogenesis, gravitational waves, dark matter direct and
indirect detection—including the Galactic Center gamma
ray excess—and particle physics constraints. With so many
observables, the model is strongly constrained, but still
viable in interesting regions of parameter space. It predicts
a fermionic dark matter candidate χ in the 50–100 GeV
range with Higgs portal couplings, a singlet scalar s of mass
∼100 GeV that mixes with the Higgs, and an inert scalar
doublet ϕ of mass mϕ ≳ 100 GeV.
In the original simpler version of the model, Z2 sym-

metry was imposed on the singlet. By relaxing that
assumption in the present work, the phase transition can
be strengthened, with advantages for GW production, and
new interaction channels for the DM are opened, enhancing
its detectability. In particular, we were interested in the
potential for explaining the long-standing excess of GeV
gamma ray emission from the Galactic Center. We find
there is some tension to get a good fit to the GCE while
remaining consistent with other observables, but it is
possible at the 2-σ level, in models where χ → bb̄ domi-
nates over χ → τþτ−.
We took advantage of advances that have been made to

more accurately predict the baryon asymmetry, including
the tendency for faster bubble walls during the phase
transition than was formerly thought. For simplicity we
assumed wall speeds close to the Jouguet velocity ∼0.6.
The dual requirements of large enough baryon asymmetry
and the correct DM relic density were realized without the
need for fine tuning of parameters. Benchmark values and
statistics for the parameters of interest in our scan can be
found in Tables I and II. Experimental constraints set limits
on the scalar mixing angle θhs and the DM-singlet coupling
η, with jηθhsj≲ 0.02 required by LUX-ZEPLIN, as well as
the ϕ and DM mass ratio, which is constrained to
approximately mϕ=mχ ≲ 3 by ATLAS.
For gravitational waves, we verified that observable

signals in future detectors are enhanced if the Z2 breaking
parameters A3 or Ahs in Eq. (2) are ≳1 GeV, which is a

modest requirement given that much higher values
∼100 GeV could be considered natural in the present
context.
In our setup, ϕ dominantly couples the dark matter to τ

leptons, since couplings to lower generations are tightly
constrained. Our study of these couplings in Appendix C
indicates that there might be viable albeit finely-tuned
models that dominantly couple to electrons, but they would
require more careful computation of the two-loop contri-
butions to the electron EDM, which is beyond the scope of
the present work.
More generally, χ might interact with electrons and/or

muons if their Yukawa couplings are at least ten times
smaller than τ, which would keep their EDMs and
anomalous magnetic moments within experimental bounds.
Most of our analysis would remain valid with this change.
While it could lead to highly constrained flavor-changing
neutral currents at the one-loop level, it also opens the
possibility of scotogenic neutrino masses [49] if one
includes the lepton number-violating interaction

∼λ0ðϕ†HÞ2 þ H:c: ð63Þ

Extending our model to include multiple Majorana
fermions χm and/or inert doublet ϕn, this interaction would
lead to one-loop neutrino mass terms of order

mij ≃
X
m;n

yimnyjmn

16π2
λ0v20mχm

m2
ϕn

; ð64Þ

where yimn is the Yukawa coupling of Li to χm and ϕn.
8

Given that yχ ∼ 0.6 is needed for the DM relic density and
baryogenesis, a coupling λϕH ∼ 10−10 could produce neu-
trino masses of order mν ∼ 0.05 eV. However, one would
have to consider the bounds on muon and electron
couplings listed in this work as well as constraints on
neutrino mixing and lepton flavor universality to build a
complete physical model. A similar setup was studied in
Refs. [50,51].
In summary, the model presents opportunities for future

GW detection that could be corroborated by direct detection
of dark matter of mass ∼50 GeV, LHC searches for staulike
pair production, and invisible decays of the Higgs, and it can
explain the Galactic Center excess within ∼2σ confidence
level, while providing for successful baryogenesis.
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APPENDIX A: EFFECTIVE POTENTIAL AND
MASS EIGENVALUES

When the present model was first proposed in Ref. [9], the
authors only considered the tree-level potential Eq. (2) and
used the high-temperature approximation for thermal cor-
rections. Our study improves on the original paper by
including the CW potential as well as counterterms and
the full thermal potential. Counterterms and renormalization
conditions are discussed in Appendix B.
Denoting the two relevant scalar fields asΦ ¼ ðh; sÞ, the

CW potential is

VCWðΦ; TÞ ¼
X
i

ð−1ÞF gim
4
i ðΦ; TÞ
64π2

×

�
log

�
m2

i ðΦ; TÞ
Q2

�
− Ci

�
; ðA1Þ

where F ¼ 1ð0Þ for fermions (bosons) and gi ¼ 1=2=3 for
scalars, fermions, and vectors, respectively. In the MS
renormalization scheme, Ci ¼ 3=2 for scalars, fermions,
and longitudinal polarizations of gauge bosons, and Ci ¼
1=2 for transverse gauge bosons. We set the normalization
scale to Q2 ¼ v20.
The thermal corrections to the scalar potential are

given by

VTðΦ; TÞ ¼ T4

2π2
X
i

ð−1ÞFgiJB=F
�
m2

i ðΦi; TÞ
T2

�
; ðA2Þ

where the thermal functions are

JB=Fðz2Þ ¼
Z

∞

0

dxx2 log
h
1 − ð−1ÞF exp

�
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ z2

p �i
:

ðA3Þ

In Eqs. (A1) and (A2), miðΦ; TÞ are the field-dependent
mass eigenvalues of all species. Following Parwani (daisy)
resummation, we also include the leading-order temper-
ature dependence of scalar mass eigenvalues in the one-
loop and thermal potentials.
We next present the relevant field-dependent masses.

The Higgs-singlet scalar mass matrix is

M2 ¼
 
−μ2h þ 3λhh2 þ 1

2
λhss2 − Ahss λhshs − Ahsh

λhshs − Ahsh −μ2s þ 3λss2 þ 1
2
λhsh2 − 2A3s

!

þ 1

48

 
9g2 þ 3g02 þ 12y2t þ 24λh þ 2λhs 0

0 8λhs þ 12λs þ 4η2

!
T2; ðA4Þ

where g and g0 are, respectively, the SUð2Þ and Uð1Þ gauge
couplings, and yt ¼

ffiffiffi
2

p
mt=v0 is the top quark Yukawa

coupling. The field-dependent mass eigenvalues are ob-
tained by diagonalizing M2,

m2
h;m

2
s ¼

M2
hh þM2

ss �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

hh þM2
ssÞ2 − 4Δ

p
2

; ðA5Þ

where Δ ¼ M2
hhM

2
ss − ðM2

hsÞ2. Vacuum stability requires
Δ > 0 in the true and metastable vacua.
In unitary gauge, Goldstone bosons do not enter the tree-

level potential, but their contributions to the CW and
thermal potential must be included. The mass eigenvalue is

m2
GB ¼ −μ2h þ λhh2 − Ahssþ

1

2
λhss2

þ 1

48
½9g2 þ 3g02 þ 12y2t þ 24λh þ 2λhs�T2: ðA6Þ

At T ¼ 0, Goldstone bosons become massless in the true
vacuum. This results in a well-known issue of making the
counterterms singular, arising from the Higgs self-energy
evaluated at zero external momentum rather than on shell in
the CW potential [52,53]. The IR divergence is therefore
unphysical and can be avoided by following the procedure
described in Ref. [54].
We also include the contribution from massive gauge

bosons in the thermal potential. In the ðW�;W3; BÞ basis,
the mass matrix is
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M2
gauge ¼

0
BBBBB@

g2

g2

g2 gg0

gg0 g02

1
CCCCCA

h2

4

þ

0
BBB@

g2

g2

g2

g02

1
CCCAT2

�
2; longitudinal;

0; transverse:

ðA7Þ

The inert doublet ϕ mass does not depend on ðh; sÞ, and it
does not acquire a VEV during the EWPT. Hence it does
not impact the dynamics of the phase transition and can be
ignored with respect to the effective potential for h and s.
(For simplicity we have omitted the jHj2jϕj2 coupling).
In the fermionic sector, we include the contributions from

the top quark, mt ¼ yth=
ffiffiffi
2

p
, and the Majorana fermion,

m2
χ ¼ ðMχ þ η cos θηsÞ2 þ ðη sin θηsÞ2
¼ M2

χ þ 2Mχη cos θηsþ η2s2: ðA8Þ

Recall thatMχ is the bare mass term in Eq. (3). Lighter SM
fermions contribute negligibly to the one-loop potential.

APPENDIX B: COUNTERTERMS

At T ¼ 0, the CW potential shifts observables away from
their tree-level values, in particular the masses and VEVs of
the scalar fields. To counteract this, we introduce the
counterterm potential,

δV ¼ −
1

2
δμ2hh

2 þ 1

4
δλhh4 −

1

2
δμ2ss2 þ

1

4
δλss4

þ 1

4
δλhsh2s2 −

1

2
δAhssh2 þ δA3

1s −
1

3
δA3s3: ðB1Þ

The eight parameters in δV are chosen so that tree-level
relations are preserved at T ¼ 0. The full zero-temperature,
one-loop potential is Ṽ ≡ VCW þ δV. Although the tree-
level potential does not include a tadpole term for s, such a
term can arise from VCW , necessitating the tadpole counter-
term δA3

1s.
The renormalization conditions we use are essentially

the same as those presented in the Appendix of Ref. [10]. In
the following we denote the electroweak symmetric vac-
uum by S≡ ðh; sÞ ¼ ð0; s1Þ and the broken vacuum by
B≡ ðh; sÞ ¼ ðv0; s0Þ. We impose these conditions to fix
the counterterms:

(i) The Higgs and singlet VEVs are unaffected by Ṽ, in
both the broken and unbroken vacua.

∂Ṽ
∂h

����
B
¼ ∂Ṽ

∂s

����
B
¼ ∂Ṽ

∂s

����
S
¼ 0 ðB2Þ

(ii) The scalar mass matrix elements are equal to their
tree-level values in the broken vacuum.

∂
2Ṽ
∂h2

����
B
¼ ∂

2Ṽ
∂s2

����
B
¼ ∂

2Ṽ
∂h∂s

����
B
¼ 0 ðB3Þ

(iii) The cubic coupling is equal to its tree-level value in
the true minimum.

∂
3Ṽ
∂s3

����
B
¼ 0 ðB4Þ

(iv) The energy difference between the two vacua is the
same as at tree level.

ṼjB − ṼjS ¼ 0 ðB5Þ

Solving for the counterterms yields

δμ2h ¼
1

2v20

�
½ð3 − 5x2sÞ∂h̃ − ð1 − x2sÞ∂2h̃ − xsð2þ 3xsÞ∂2h̃ s̃�ṼjBþ2x2s

�
3∂s̃ þ ∂

2
s̃ þ

1

6
∂
3
s̃

	
ṼjB þ 2x2sð∂s̃ṼjS þ 4ΔṼBSÞ



; ðB6Þ

δλh ¼
1

2v40
ð∂h̃ − ∂

2
h̃
ÞṼjB; ðB7Þ

δμ2s ¼
1

2Δs2

�
ð1 − 3x2sÞ½ð5∂h̃ − ∂

2
h̃
ÞṼjB − 8ΔṼBS� − 2ð1 − 6x2sÞ∂s̃ṼjS

þ
�
3ð1 − 2x2sÞð∂2h̃ s̃ − 2∂s̃Þ −

1

3
ð1þ 6xs þ 6x2sÞ∂3s̃

	
ṼjB


; ðB8Þ
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δλs ¼
1

2Δs4

��
5∂h̃ − ∂

2
h̃
− 4∂s̃ þ 2∂2

h̃ s̃
þ 2

3
∂
3
s̃

�
ṼjB − 4∂s̃ṼjS − 8ΔṼBS



; ðB9Þ

δλhs ¼
1

v20Δs2

��
5∂h̃ − ∂

2
h̃
− 6∂s̃ − 2∂2s̃ þ 3∂2

h̃ s̃
−
1

3
∂
3
s̃

�
ṼjB − 2∂s̃ṼjS − 8ΔṼBS



; ðB10Þ

δAhs ¼
1

v20Δs

��
xs

�
5∂h̃ − ∂

2
h̃
− 6∂s̃ − 2∂2s̃ −

1

3
∂
3
s̃

�
þ ð1þ 3xsÞ∂2h̃ s̃

	
ṼjB − 2xsð∂s̃ṼjS þ 4ΔṼBSÞ



; ðB11Þ

δA3
1 ¼

1

2Δs

�
−2xs½4ð1 − x2sÞΔṼBS þ ð1 − 2x2sÞ∂s̃ṼjS� þ ð1þ xsÞ

�
xsð1 − xsÞð5∂h̃ − ∂

2
h̃
Þ − 1

3
xsð1þ 2xsÞ∂3s̃

− ð1þ 2xs − 2x2sÞð2∂s̃ − ∂
2
h̃ s̃
Þ
	
ṼjB


; ðB12Þ

δA3 ¼
3

2Δs3

��
xsð5∂h̃ − ∂

2
h̃
− 4∂s̃ þ 2∂2

h̃ s̃
Þ þ 1

3
ð1þ 2xsÞ∂3s̃

	
ṼjB − 4xsð∂s̃ṼjS þ 2ΔṼBSÞ



ðB13Þ

where Δs ¼ s1 − s0, xs ¼ s0=Δs, h̃≡ h=v0, s̃≡ s=Δs and
ΔṼBS ¼ ṼjB − ṼjS. Some coefficients in Eqs. (B7), (B9),
and (B11)–(B13) do not match the corresponding values in
Eqs. (A.9)–(A.12) and (A.14) of Ref. [10] despite using the
same renormalization conditions.We have carefully checked
our calculations and do not find any error on our part.

APPENDIX C: BEYOND THE τ COUPLING

In this work we have focused on the scenario where the
Majorana fermion dark matter candidate χ only interacts
with τ leptons at tree level. Here we discuss the possibility
and associated constraints of coupling χ to other lepton
flavors.
The coupling of the dark sector to a charged SM lepton

li contributes to its anomalous magnetic dipole moment
ai ¼ ðgi − 2Þ=2 via the loop diagram on the left in Fig. 13.
The induced shift in ai is

jδaij ¼
y2χ

16π2
m2

l

m2
ϕ

f
�
m2

l

m2
ϕ

�
;

fðxÞ ¼ 2

ð1 − xÞ4 ð1 − 6xþ 3x2 þ 2x3 − 6x2 ln xÞ: ðC1Þ

The electron magnetic moment is measured with a
precision of 0.13 ppt (1.3 × 10−13) [55]. This result differs
by 2.1σ and 3.9σ from theoretical predictions obtained from
measurements of the fine-structure constant in Rb [56] and
Cs [57] atoms, respectively. However, those predictions are
in tension at the level of 1 ppt (10−12) with each other, which
dominates over the experimental precision. Our dark sector
could therefore contribute to the electron magnetic moment
up to jδaej ∼ 10−12 without being ruled out. The value of
jδaej is however suppressed by the small electron mass, so
that contributions from new physics are generally small.
The muon magnetic moment, while less severely con-

strained, is more sensitive to physics beyond the standard
model (BSM). Until recently, there was a discrepancy of
Oð10−9Þ between the measured and predicted values of aμ
[58]. Following recent theoretical calculations [59] and
experimental results from the Muon g − 2 Collaboration
[60], this tension is now gone and only allows for a
contribution jδaμj≲ 2 × 10−10 from a dark sector.
For parameters of interest, Eq. (C1) indicates jδaμj∼

10−9 − 10−8. This rules out muons as the lepton flavor that
couples dominantly to the dark sector. If we consider
coupling to electrons instead, we find jδaej ∼ 10−13 for
our benchmark models, which is of the same order of
magnitude as the current experimental precision and smaller
than the discrepancy between theoretical predictions. For
tau leptons, we find jδaτj ∼ 10−6, which is one order of

FIG. 13. Examples of Feynman loop diagrams contributing to
the lepton anomalous magnetic moment (left) and electric dipole
moment (right). Crosses indicate fermion mass insertions and a
cross within a circle represents the Higgs-singlet mixing. For the
electric dipole moment, there is a similar diagram where the
photon is attached to the lepton inside the loop.
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magnitude below the predicted sensitivity of upcoming
experiments [61].
Our model includes a new source ofCP violation coming

from the complex χ-singlet coupling and, by extension, the
complex χ mass whose phase is given by Eq. (4). CP
violation in BSM models can induce an electric dipole
moment (EDM) for the electron, which is constrained to

de < 4.1 × 10−30 e cm; ðC2Þ
at 90% confidence [62,63].
To estimate the magnitude of the EDM, it is useful to

perform a chiral rotation χ → e−iγ5θχ0=2χ, where θχ0 is the
argument of the complex χ mass in the true vacuum where
hsi ¼ s0. Then the only effective CP-violating phase comes
from the χ-singlet vertex coupling with complex argument

θCP ¼ θη − θχ0: ðC3Þ
In BSM models where new physics does not interact

with SM singlet leptons lR, an EDM arises at the two-loop
level only [64]. In our model, the diagram that induces an
EDM for the charged lepton li that couples to χ is
illustrated in Fig. 13 (right). We estimate the amplitude
of the EDM to be

di ≃
eyly2χθhsη sin θCPmχ

ð16π2ΛÞ2 ; ðC4Þ

where the lepton coupling to the Higgs boson is yl ¼ffiffiffi
2

p
ml=v0 and we assumed that the loop is dominated by

momenta of order Λ ¼ maxðms;mh;mϕÞ. We ignored a
partial cancelation ∝ ðm2

s −m2
hÞ between the two mass

eigenstates that run in the loop, which might suppress the
EDM if the states are nearly degenerate.
Despite being suppressed by the Higgs-singlet mixing

angle, models from our scan yield an average EDM of
∼10−28 e cm if χ couples to the electron, which is ruled out.
Satisfying the bound (C2) typically requires a small
Yukawa coupling yχ , which tends to overproduce dark
matter. A heavier ϕ and/or a lighter χ also help decrease the
EDM, but that region of parameter space is constrained by
the LHC, cf. Fig. 11. Nevertheless, we find that about 8% of
models that yield acceptable DM density and BAU in our
scan [cf. Eq. (55)] also satisfy all experimental constraints
discussed in this work. Model 2 of Table I, which would
yield de ∼ 10−30 e cm, is one of these notable exceptions.
However, we stress that Eq. (C4) is an order-of-magnitude
estimate based on dimensional analysis. A precise calcu-
lation of the two-loop integral would be needed to better
assess the possibility of coupling this model to the electron.
On the other hand, the tau lepton EDM predicted by our

model is dτ ∼ 10−25 e cm, well below the sensitivity of
upcoming experiments [61]. Therefore, dominantly cou-
pling τ to χ is the most viable option.
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