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We analyze electroweak baryogenesis during a two-step electroweak symmetry-breaking transition,
wherein the baryon asymmetry is generated during the first step and preserved during the second. Focusing
on the dynamics of CP violation required for asymmetry generation, we discuss general considerations for
successful two-step baryogenesis. Using a concrete model realization, we illustrate in detail the viability of
this scenario and the implications for present and future electric dipole moment (EDM) searches. We find
that CP violation associated with a partially excluded sector may yield the observed baryon asymmetry
while evading present and future EDM constraints.
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I. INTRODUCTION

The origin of the cosmic matter-antimatter asymmetry
remains one of the outstanding mysteries at the interface of
particle and nuclear physics with cosmology. The asym-
metry is typically characterized by the baryon-to-photon
ratio

YB ≡ ρB=s ¼ ð8.59� 0.11Þ × 10−11 ð1Þ
where ρB and s are the baryon number and entropy
densities, respectively, and where the value has been
obtained using data from Planck [1], WMAP [2] and
large scale structure measurements. Assuming a matter-
antimatter symmetric Universe at the end of the inflationary
epoch, a nonvanishing YB can be generated if the micro-
physics of the early Universe satisfies the well-known three
“Sakharov conditions” [3]: (1) baryon number violation,
(2) C and CP symmetry violation, and (3) departure from
thermal equilibrium (or violation of CPT invariance).
Avariety of scenarios that satisfy these criteria have been

proposed, each corresponding to a different epoch in
cosmic history. One of the most widely considered is
electroweak baryogenesis (EWBG), wherein the baryon
asymmetry, YB, was generated during the era of electro-
weak symmetry-breaking (EWSB) that occurred roughly
ten picoseconds after the big bang. Successful EWBG
requires a strong first-order electroweak phase transition
(EWPT) that proceeds via bubble nucleation. CP-violating
asymmetries generated at the bubble walls diffuse ahead of
the expanding bubbles, catalyzing baryon number creation
through electroweak (EW) sphalerons. The expanding
bubbles capture the nonvanishing baryon number, which
is preserved in the bubble interiors if the transition is
sufficiently strong so as to quench the electroweak spha-
lerons. For a recent review of this scenario, see Ref. [4] and
the references therein.

In principle, the Standard Model (SM) contains all the
elements needed to satisfy the Sakharov criteria in the
context of EWBG. In practice, the value of the Higgs boson
mass is too large to accommodate a first-order EWPT; in a
SM Universe, the EWSB transition is of a cross-over
type [5–8]. Even if the Higgs boson had been sufficiently
light, the CP-violating asymmetries associated with CP-
violating phase of the Cabibbo-Kobayashi-Maskawa
matrix are too small to lead to the observed value of YB
[9–11]. Thus, successful EWBG requires both new degrees
of freedom to induce a first-order EWPT and new CP-
violating interactions to generate sufficiently sizable asym-
metries during the transition.
In this study, we consider EWBG in light of the

possibility that EWSB proceeded in multiple steps, rather
than in a single transition from an electroweak-symmetric
to an EWSB vacuum as has been conventionally assumed.
We further consider the possibility that YB was generated
during a transition to an EWSB vacuum that is not the
present day vacuum (“Higgs phase”), but rather one that
was the lowest energy state for a period prior to the final
transition to the Higgs phase of the SM. For simplicity, we
concentrate on a two-step scenario, though the general
features could generalize to patterns of EWSB that entail
additional intermediate phases.
In earlier work, we demonstrated the viability of the two-

step EWSB scenario induced by the presence of an
electroweak triplet Σ ∼ ð1; 3; 0Þ [12], in which the tran-
sition to the first EWSB vacuum involving only a non-
vanishing neutral triplet vacuum expectation value (vev) is
strongly first order. Some general conditions needed for a
successful two-step EWPT in extensions of the SM Higgs
sector were subsequently studied in Ref. [13]. Here, we
focus on the generation of CP-violating asymmetries
during the transition to the penultimate EWSB vacuum.
Starting with Σ-extended SM, we show that generation of
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these asymmetries requires additional field content. After
discussing general considerations, we focus on a concrete
example that provides a proof-in-principle of viability of
the general paradigm.
It is interesting to ask about the experimental signatures

of the multi-step scenario. Requiring that the final transition
to the SM Higgs phase occurs at sufficiently low temper-
atures as to avoid baryon number erasure through reexcited
EW sphalerons implies that at least a subset of the mass
parameters in the Lagrangian are not too different from the
EW scale. Initial studies of the consequences for collider
phenomenology in the Σ-extended SM are discussed in
Refs. [12,14]. In general, the introduction of new CP-
violating interactions must contend with severe constraints
from searches for the permanent electric dipole moments
(EDMs) of atoms, molecules, and the neutron (see, e.g.,
Refs. [15–17]) as well as possibly probes of CP violation
(CPV) in the heavy flavor sector for some scenarios [18–
20]. It is reasonable to expect that any new CPVas needed
for successful EWBG will be testable with the next
generation EDM searches or heavy flavor studies. In what
follows, we show that this expectation may not be borne out
for the multi-step scenario, as the CP-violating interactions
may involve a partially secluded sector whose impacts on
low-energy CP-violating observables are highly sup-
pressed. In short, multi-step electroweak baryogenesis
may open a new window for generation of YB at the weak
scale, one that is relatively immune to experimental
constraints on CPV in the near term.
Before proceeding, we note that others have considered

baryogenesis scenarios going beyond the conventional
paradigm of a one-step EWSB. Reference [21] considered
a two-step phase transition (2SPT) scenario using a two
Higgs doublet model (2HDM), wherein the first step is a
second-order (or cross over) PT, while the second step is
strongly first order. However, because electroweak sym-
metry is broken during the first step, the Bþ L violating
processes are suppressed, and the CPV asymmetries gen-
erated during the second step cannot be efficiently trans-
ferred into the baryon asymmetry [22]. The authors of
Ref. [23] considered an extension of the SM with a
complex scalar singlet [24], in which the universe first
undergoes a transition to an EW-symmetric phase with a
nonvanishing singlet vev, followed by a transition to the
Higgs phase. CPV asymmetries are induced during the
second step by a nonrenormalizable Higgs-singlet-top
quark interaction. Our scenario differs qualitatively from
these earlier studies, since YB is generated during the first
EWSB transition and is preserved during the subsequent
transition to the Higgs phase. In this initial study, we also
focus solely on CPV in the scalar sector involving only
renormalizable operators.
Our discussion of two-step electroweak baryogenesis is

organized as follows. In Sec. II, we outline general
considerations for baryogenesis in this scenario. In

Sec. III we define the details of our model with the particle
content, interactions, relevant Feynman rules and the
conditions for EWSB. Section IV gives the framework
for implementing constraints from two relevant observ-
ables: EDMs and Higgs to diphoton decay rate. In Sec. V
we present the set of transport equations that describe the
dynamics of particle-antiparticle asymmetry generation
during the first step of the two-step transition. Finally,
we present our numerical results in Sec. VI and conclude in
Sec. VII. Technical details associated with solving the
transport equations appear in the Appendixes. A reader
interested primarily in the general framework, specific
model realization, and primary results may wish to con-
centrate on Sec. II, the first part of Sec. III, and Figs. 10 and
11 of Sec. VI that show the sensitivity of present and future
EDM searches to regions of the model parameter space
consistent with the observed baryon asymmetry.

II. GENERAL CONSIDERATIONS

In what follows, we will adopt a specific model reali-
zation to illustrate the viability of two-step electroweak
baryogenesis. Before doing so, we provide some general
considerations that should guide the choice of a model,
concentrating here on the ingredients needed to generate a
baryon asymmetry during the first step. We note that
generation and preservation of the baryon asymmetry
during the first step requires that it be a strong first-order
EWSB transition, while the preservation of this asymmetry
during the second step to the SM Higgs phase requires that
(a) the temperature of the latter transition is sufficiently low
as to avoid re-exciting the electroweak sphalerons and
(b) the entropy released during the second transition be
sufficiently small so as to avoid over dilution of the
asymmetry generated during the first step. The possibility
of satisfying these requirements was demonstrated in our
previous work on the Σ-extended SM [12].
In order to produce a nonvanishing YB during the first

transition, one requires generation of CP-violating asym-
metries that ultimately yield a nonvanishing number
density of left-handed (LH) fermions, nL. The latter biases
the electroweak sphalerons in the unbroken phase ahead of
the advancing bubble walls whose interiors contain the first
broken phase. We consider two sectors for this purpose:
(a) the SM and (b) a new sector that contains the fields
responsible for the first EWSB transition—generically
denoted ϕj—plus additional fields that interact with these
fields and that may be partially or completely secluded
from the SM. The following possibilities then emerge:

(i) The new sector contains additional LH fermions that
contribute to the Bþ L anomaly. CP-violating
interactions of these fermions with the ϕj lead to
a nonvanishing nL.

(ii) A CP-violating asymmetry is generated for one or
more of the new sector scalar fields ϕj and is
subsequently transferred to the LH fermions of
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the SM through interactions between the two
sectors.

(iii) A CP-violating asymmetry involving SM fields is
generated through their interactions with the ϕj
yielding a nonvanishing nL either directly or indi-
rectly via SM Yukawa and gauge interactions.

In the remainder of this initial study, we concentrate on
the third possibility, as it presents the greatest potential for
experimental accessibility; we defer a consideration of the
other possibilities for future work. We also focus on the
case where the initial CP-violating asymmetry is generated
entirely in the scalar sector and transferred to the SM LH
fermions via Yukawa interactions. In this instance, one
requires at least two distinct scalar fields that mix through
their interactions with the bubble walls of the first EWSB
transition. For concreteness, we will utilize a 2HDM for the
Higgs sector, where the doublet fields mix during the first
EWSB transition. During this first step, however, neither of
the doublets obtain a vacuum expectation value (vev).
Consequently, we may treat both the neutral and charged
components of the doublets as complex scalars with masses
determined by the finite-temperature potential and the
spacetime varying vevs of the fields driving the first
EWSB transition. This treatment differs from what is
appropriate when the neutral components of the doublets
obtain vevs, leading to one combination of the CP-odd
neutral scalar that is eaten by the Z boson to become its
longitudinal component and the other combination that is a
physical CP-odd scalar. The latter framework, wherein the
neutral CP-even and CP-odd scalars are treated as distinct
degrees of freedom, applies to the second EWSB vacuum,
or Higgs phase.
For the first EWSB step, then, we consider two complex

scalars h1 and h2 whose mass-squared matrix has the form

M2 ¼
�
m2

11 m2
12

m2�
12 m2

22

�
: ð2Þ

As discussed in Refs. [25,26], generation of nonvanish-
ing h1 and h2 asymmetries requires that m2

12 contain a
spacetime-dependent complex phase, θðxÞ ¼ Argðm2

12Þ.
The latter arises from the interactions of the h1;2 with
the expanding bubble wall that effectively provides a
spacetime-dependent background field via the spacetime
variation of the vevs of the fields ϕj involved in the first
EWSB transition.
Additional comments regarding the origins of θðxÞ are in

order. In principle, this phase could arise entirely sponta-
neously due to the vevs of the ϕj without any dependence
on an explicit CP-violating phase in the Lagrangian of the
theory. In practice, the net asymmetry produced by a
coalescing ensemble of bubbles admitting only spontane-
ously generated CP-violating phases will be zero [27]. For
every bubble having a spontaneous phase of a given
magnitude and sign, there will always be a partner bubble

somewhere in the ensemble with a phase of the same
magnitude but opposite sign. The contributions of the two
bubbles will then cancel after the bubbles coalesce and the
transition completes. Breaking the energy degeneracy
between would-be partner bubbles requires the presence
of an explicit CP-violating phase in the theory [28].
Under these conditions, θðxÞ will be spacetime depen-

dent only when two distinct fields with differing non-
constant spacetime profiles contribute to m2

12, even in the
presence of an explicit phase in the scalar potential. For
the two-step transition of interest here, wherein the
doublet vevs remain zero during the first step, possible
forms of the CPV interactions that satisfy these consid-
erations include
(a) CPVasymmetries generated entirely in the new scalar

sector:

ϕ†
1ϕ2ϕ

†
jϕj þ H:c:; j ¼ 1; 2 ð3Þ

(b) CPVasymmetries generated in the SM (doublet) scalar
sector:

ϕ†
jϕjH

†
1H2 þ H:c:; ϕ†

jϕkH
†
1H1 þ H:c:; etc: ð4Þ

Note that the coefficients of these operators may be
complex, yielding the requisite explicitCP-violating phase.
Note also that only one of the ϕj need carry SM
electroweak charges, as required for quenching of the
electroweak sphalerons during the first EWSB transition.
The remaining new sector scalar fields may be pure gauge
singlets or charged under other symmetries that do not
contain the SM electroweak symmetries as a subgroup.

III. THE MODEL

With the foregoing considerations in mind, we illus-
trate the viability of two-step EWBG with a concrete
model. As indicated above, for the SM sector we extend
the theory to a 2HDM in order to allow for mixing
between two SM-sector states. For the new sector we
choose ϕ1 to be the real triplet Σ ∼ ð1; 3; 0Þ and take the
second field ϕ2 to be a real singlet S. In principle, we
could have chosen ϕ2 to be a nonsinglet with respect to
SM symmetries. Our rationale for choosing a singlet is
that (a) the dynamics of EWSB during the first step are
relatively simple; (b) it is relatively straightforward to
write down a potential for S wherein the singlet vev is
nonzero and varying with temperature during the first
transition; (c) the presence of the singlet illustrates the
phenomenological features associated with a sector that
interacts with the SM sector only through Higgs portal
interactions of the type in Eq. (4). With these choices, we
take the vevs of the singlet and neutral component of the
triplet to be, vS and vΣ, respectively. The corresponding
potential is
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VðH1; H2;Σ; SÞ

¼ −
μ2Σ
2
ð~Σ · ~ΣÞ þ b4Σ

4
ð~Σ · ~ΣÞ2 þ b2S

2
S2 þ b4S

4
S4

þ
�
1

2
a2ΣH

†
1H2ð~Σ · ~ΣÞþ 1

2
a2SH

†
1H2S2þ H:c:

�
;

þ a1ΣS ~Σ · ~ΣSþ 1

2
a2ΣS ~Σ · ~ΣS2 þ VðH1; H2Þ: ð5Þ

Note that the quartic couplings a2Σ and a2S are in general
complex. The real couplings a1ΣS and a2ΣS have little
bearing on the dynamics of CPV, whereas they will play
a role in the EWPT. For purposes of keeping the number
of parameters manageable for this initial study, we will
set them to zero.
For the 2HDM potential we consider the Z2-symmetric

limit under which H1 and H2 are oppositely charged,
thereby alleviates the possibility of potentially dangerous
tree-level flavor changing neutral currents (FCNCs):

VðH1; H2Þ ¼
λ1
2
ðH†

1H1Þ2 þ
λ2
2
ðH†

2H2Þ2

þ λ3ðH†
1H1ÞðH†

2H2Þ þ λ4ðH†
1H2ÞðH†

2H1Þ

þ 1

2
½λ5ðH†

1H2Þ2 þ H:c:� − 1

2
fm2

11ðH†
1H1Þ

þm2
22ðH†

2H2Þg: ð6Þ

Note that the Z2-breaking operators H†
1H2

~Σ · ~Σ and
H†

1H2S2 generate divergent contributions to the operator
H†

1H2 at one-loop order, implying the need for a counter
term m2

12H
†
1H2 þ H:c:. We retain freedom to choose the

finite part of m2
12 such that its sum with the finite parts of

the one-loop graphs is sufficiently small as to satisfy
experimental FCNC bounds. As we discuss in Sec. VI,
there will also be finite-temperature contributions to H†

1H2

associated with H†
1H2

~Σ · ~Σ and H†
1H2S2 that cannot in

general be eliminated and that will lead to mixing between
the two doublets in the early universe.
The pattern of two-step EWSB arising from this

potential is illustrated in Fig. 1. At high temperatures,
the universe starts in the completely symmetric phase
with all vevs set to zero [29]. At a critical temperature
TΣ, the vacuum with nonvanishing vΣ and vS becomes
degenerate in energy with the symmetric phase; just
below TΣ, the first-order transition to the “Σ phase”
proceeds through bubble nucleation. This transition is
denoted by “Step 1” in Fig. 1. At a lower temperature
TH, the vacuum with nonvanishing v1 and v2 becomes
degenerate with the Σ phase, and as the universe cools
further, a transition to the Higgs phase occurs (“Step
2”). In the Σ-extended SM, it was observed that the
second transition is also typically first order. However,
EWBG is not viable in this step because the sphalerons

that are active before the first transition have been
quenched in the Σ phase [30].
We will then investigate the possibility of EWBG

during the first step. As a preamble, we first analyze the
structure of the potential in greater detail. After EWSB
occurs in the second step, the neutral components of
each of the Higgs fields acquire a vev, and the
fluctuations around this value can be characterized by
charged (Hþ

i ), CP-even (H0
i ) and CP-odd ðA0

i Þ fields,
respectively:

Hi ¼
 

Hþ
i

viþH0
iþiA0

iffiffi
2

p

!
; where i ¼ 1; 2: ð7Þ

The potential VðH1; H2;Σ; SÞ has three complex cou-
plings: λ5; a2Σ; a2S. An overall phase in these couplings is
unphysical and can be rotated away via a rephasing
transformation on the complex scalar fields:

H1 ¼ eiθ1H1
0; H2 ¼ eiθ2H2

0; Σ ¼ Σ0; S ¼ S0:

ð8Þ

A global phase θ2 − θ1 can be absorbed into the following
redefinition of the couplings and vevs:

λ5
0 ¼ e2iðθ2−θ1Þλ5; ðv1v�2Þ0 ¼ eiðθ2−θ1Þv1v�2

a2Σ0 ¼ eiðθ2−θ1Þa2Σ; a2S0 ¼ eiðθ2−θ1Þa2S: ð9Þ

Without loss of generality, we assume v1 ¼ v�1 and
v2 ¼ jv2jeiξ. The second equation in the first line leads
to ξ0 ¼ ξþ θ1 − θ2 rephasing transformation on the
spontaneously generated phase. The transformation in
Eq. (8) and Eq. (9) leaves the Lagrangian unchanged
and, thus, phases in the couplings that can be eliminated
with such redefinition are unphysical. The model then
contains the following three physical phases:

FIG. 1. Illustration of the two-step PT that we study in this
paper. We focus on the BAU generated during the first step.

INOUE, OVANESYAN, and RAMSEY-MUSOLF PHYSICAL REVIEW D 93, 015013 (2016)

015013-4



δΣ ¼ arg ½a�2Σv1v�2�;
δS ¼ arg ½a�2Sv1v�2�;
δλ5 ¼ arg ½λ�5ðv1v�2Þ2�: ð10Þ

Due to the ρ parameter constraints, the zero-temperature
triplet vev must be small [31]. In what follows, we set it
to zero: hΣi ¼ 0. For simplicity, we will also take the
zero temperature vev of S to vanish. Given the sym-
metry of the potential under S → −S and Σ → −Σ, both
S and the neutral triplet may contribute to the dark
matter relic density in this case. Note also that under
these conditions, the impact of the additional scalars on
the oblique parameters S and T is negligible [14,32], so
that no additional constraints from electroweak precision
tests will enter our phenomenological analysis.

A. Minimizing the potential

Stability of the vacuum state, after the transition to the
second EWSB vacuum, requires that the Lagrangian
couplings and the vevs of the Higgs bosons satisfy the
minimization conditions on the potential and positivity of
all the masses in the spectrum. For VðH1; H2;Σ; SÞ given in
Eq. (5) and Eq. (6) we obtain the following minimization
conditions:

m2
11 ¼ v2½λ1cos2β þ ðλ3 þ λ4 þ jλ5j cos δλ5Þsin2β�

þ ðja2Σjv2Σ cos δΣ þ ja2Sjv2S cos δSÞ tan β;
m2

22 ¼ v2½λ2sin2β þ ðλ3 þ λ4 þ jλ5j cos δλ5Þcos2β�
þ ðja2Σjv2Σ cos δΣ þ ja2Sjv2S cos δSÞ cot β;

0 ¼ v2 sin β cos β
2

ðsin β cos βv2jλ5j sin δλ5
þ ja2Σjv2Σ sin δΣ þ ja2Sjv2S sin δSÞ;

0 ¼ vΣðb4v2Σ − μ2Σ þ ja2Σjv2 cos δΣ sin β cos βÞ;
0 ¼ vSðb2S þ vSb4S þ ja2Sjv2 cos δS sin β cos βÞ; ð11Þ

where v≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jv1j2 þ jv2j2

p
, tan β≡ jv2j=jv1j. In this paper

we concentrate on the case of no spontaneous CP violation,
i.e., ξ ¼ 0 for simplicity. In this case the three physical
phases are related to the complex couplings in the
Lagrangian in the following way:

δΣ ¼ − arg a2Σ; δS ¼ − arg a2S; δλ5 ¼ − arg λ5: ð12Þ

Note that the phases δ are manifestly rephasing invariant,
while the arguments of the complex couplings λ5; a2Σ; a2S
are not. The expressions above apply in the rephasing basis
corresponding to the ξ ¼ 0 choice that we have made.
In the limit vΣ ¼ vS ¼ 0 we obtain minimization con-

ditions that are identical to those of the 2HDM [33]

m2
11 ¼ v2½λ1c2β þ ðλ3 þ λ4 þ Reλ5Þs2β�;

m2
22 ¼ v2½λ2s2β þ ðλ3 þ λ4 þ Reλ5Þc2β�;
0 ¼ −cβsβv2Imλ5; ð13Þ

where cβ ≡ cos β, sβ ≡ sin β. The fourth and the fifth
equations in Eq. (11), which correspond to equating to
zero the partial derivative with respect to the triplet and
singlet vevs correspondingly, become a trivial “zero
equals to zero” equations. Note, however, that prior to
the second step of the two-step transition, the latter two
equations must be satisfied for nonvanishing vΣ and vS
while v1 ¼ 0 ¼ v2.

B. Mass mixing

We start from the mixing among the charged particles
Hþ

1 ; H
þ
2 ;Σþ. The massless Goldstone combination is

Gþ ¼ cβH
þ
1 þ sβH

þ
2 : ð14Þ

The remaining two orthogonal charged scalars,

ϕþ
1 ¼ −sβHþ

1 þ cβH
þ
2 ;

ϕþ
2 ¼ Σþ; ð15Þ

do not mix and have a diagonal mass matrix

M2
ϕi
¼
"
m2

Hþ 0

0 m2
Σþ

#
; ð16Þ

where the masses are related to the potential parameters via
the following equations:

m2
Hþ ¼ 1

2
ð−λ4 − Reλ5Þv2;

m2
Σþ ¼ −μ2Σ þ Rea2Σv2cβsβ: ð17Þ

The mass formula for the charged Higgs, Hþ, agrees with
the corresponding Z2 symmetric limit of Ref. [33] and is
not modified by the presence of additional fields of the
triplet and the singlet.
The neutral scalar bosons H0

1; H
0
2; A

0
1; A

0
2;Σ0 mix and in

the most general case (ξ ≠ 0) there is one massless neutral
Goldstone boson G0. In the case of interest ξ ¼ 0, this state
is the following combination of CP-odd Higgs bosons
A0
1; A

0
2:

G0 ¼ cβA0
1 þ sβA0

2: ð18Þ

This equation is unchanged compared to the pure
2HDM Ref. [33]. Considering the mixing between the
orthogonal state A0 ≡ −sβA0

1 þ cβA0
2 and three other neu-

tral scalars: H0
1; H

0
2; A

0;Σ0 we obtain the following mixing
matrix:
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M2
neutral ¼ v2

0
BBBBB@

λ1c2β λ345sβcβ 0 0

λ345sβcβ λ2s2β 0 0

0 0 −Reλ5 0

0 0 0
m2

Σ0

v2

1
CCCCCA; ð19Þ

where m2
Σ0 ≡m2

Σþ [34] and

λ345 ¼ λ3 þ λ4 þ Reλ5: ð20Þ

The top left 3 × 3 block of the matrixM2
neutral is the same as

in the scenario of pure 2HDM [33] form2
12 ¼ 0. Thus, there

is no mixing between the triplet and the two Higgs doublets
in our theory for both charged and neutral states.
The singlet in our theory does not mix with any other

neutral particles and its mass in terms of the parameters of
the potential equals

m2
S ¼ b2S þ Rea2Sv2cβsβ: ð21Þ

C. Relevant Feynman rules

We concentrate on the type-II 2HDM, which is moti-
vated by the minimal supersymmetric extensions of the
SM. It has the following interaction Lagrangian between
the Higgs bosons and the fermions:

LY
II ¼ −YUQ̄Liσ2H�

2uR − YDQ̄LH1dR þ H:c: ð22Þ

For the EDM constraint we will require the Feynman rules
for the Yukawa interactions of the Higgs bosons with the
fermions hif̄f, the tri-scalar interactions hiΣþΣ−, and the
couplings with neutral gauge bosons ZΣþΣ−; γΣþΣ−.
The relevant interaction Lagrangian reads

Lint ¼ −
mf

v
½hiðcf;if̄f þ ~cf;if̄iγ5fÞ þ G0 ~dff̄iγ5f�

− λ̄ivhiΣþΣ−;þ½Σþði∂μΣ−Þ
− ði∂μΣþÞΣ−�ðeAμ þ g2cWZμÞ; ð23Þ

where the couplings c; ~c; λ̄ equal to

ct;i ¼ Ri2=sβ; cb;i ¼ Ri1=cβ;

~ct;i ¼ −Ri3=tβ; ~cb;i ¼ −Ri3tβ;

~dt ¼ −1; ~dd ¼ 1;

λ̄i ¼ ðRi1sβ þ Ri2cβÞRea2Σ − Ri3Ima2Σ: ð24Þ

In the equations above, the matrix R is defined to
diagonalize the neutral bosons mass matrix RM2

neutralR
T ¼

diagðm2
h1
; m2

h2
; m2

h3
; m2

h4
Þ. In terms of the matrix R, the

weak eigenstates are related to mass eigenstates via
ðH0

1; H
0
2; A

0;Σ0Þ ¼ ðh1; h2; h3; h4Þ · R. Note that the fer-
mions directly couple to the neutral Goldstone boson G0,

while the scalar interaction ΣþΣ−G0 is absent at tree
level.

D. Phenomenological parameters

We are interested in the zero-temperature relations
among the physical parameters of the theory such as
masses of neutral and charged scalars, and the parameters
in the potential. In Table I we list the set of parameters of
our potential and the phenomenological parameters.
In the 2HDM sector the CPV is absent because we take

m2
12 ¼ 0, and therefore Imλ5 ¼ 0 from the minimization

conditions in Eq. (13). The only two CPV phases in our
theory are due to the triplet and singlet and are represented
by δΣ; δS.
Motivated by present fits on to Higgs observables (see,

e.g., [33]), we assume the SM alignment limit α ¼ β − π=2,
in which the couplings λ1;…λ5 are related to the phenom-
enological parameters via [35]

λ1 ¼
m2

h1
þm2

h2
tan2β

v2
;

λ2 ¼
m2

h1
þm2

h2
cot2β

v2
;

λ3 ¼
m2

h1
−m2

h2
þ 2m2

Hþ

v2
;

λ4 ¼
m2

h3
− 2m2

Hþ

v2
;

Reλ5 ¼ −
m2

h3

v2
;

m2
11 ¼ m2

22 ¼ m2
h1
: ð25Þ

The matrix Rij that enters the Feynman rules in Eq. (24)
in general is a function of three angles α; αb; αc∶

Rðαc; αb;αÞ ¼ R23ðαcÞR13ðαbÞR12

�
αþ π

2

�
:

In the case of interest for us, we have

Rð0; 0; β − π=2Þ ¼

0
BBB@

cβ sβ 0 0

−sβ cβ 0 0

0 0 1 0

0 0 0 1

1
CCCA: ð26Þ

TABLE I. Table of the parameters in the potential versus the
phenomenological parameters.

Parameters in the potential Phenomenological parameters

λ1; λ2; λ3; λ4;Reλ5 v; tan β; α;Rea2Σ;Rea2S
m2

11; m
2
22;Rea2Σ; Ima2Σ; μΣ δΣ; δS; b4Σ; b4S; mΣ; mS

b4Σ;Rea2S; Ima2S; b2S; b4S mHþ ; mh1 ; mh2 ; mh3
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Finally, μ2Σ is found from Eq. (17), b2S is found from
Eq. (21), and the imaginary parts of a2Σ; a2S are found from
their real parts and the angles δΣ; δS.
The formulae described in this subsection allow us to

recover all the parameters in the potential starting from
phenomenological parameters in Table I.

IV. OBSERVABLES

In this section we review two observables that place
constraints on our illustrative scenario: EDMs and the
Higgs diphoton decay rate. The former constrains the
interplay of masses and the CP-violating phase δΣ.
The latter is sensitive to the magnitude of Higgs portal
coupling a2Σ and the triplet masses.

A. Electric dipole moments

EDMs of nondegenerate systems are CP-violating
observables, and EDM searches provide constraints on
BSM sources of CPV. Treating the SM as an effective field
theory, new sources of CPV can be characterized by
dimension-6 operators, which include elementary fermion
EDMs, quark chromo-EDMs, the CPV 3-gluon operator,
etc. (see review [16]). In general, a model-independent
analysis of EDM limits would require us to consider a large
set of these CPV operators. Here, we can focus on the
electron and quark EDM operators, as these are the only
experimentally relevant dimension-6 operators that can be
generated in our model at lowest nontrivial (two-loop)
order [36].
We have assumed that our 2HDM sector is CP con-

serving, and that the new sources of CPV involve either the
triplet or the singlet. As a result, the leading contribution to
SM fermion EDMs comes from graphs involving the
charged scalar Σþ shown in Fig. 2. These so-called
Barr-Zee diagrams are familiar from EDM analyses in
2HDM, and the result for dimensionless EDM δf ≡
−v2df=2mfe (as in [16]) from this diagram is analogous
to the Hþ loop result [37],

ðδfÞhγγΣþ ¼ Qfe2v2

256π4m2
Σþ

X3
i¼1

½fðziΣÞ − gðziΣÞ�λ̄i ~cf;i;

ðδfÞhZγΣþ ¼
gV
Zf̄f

g2cWv2

256π4m2
Σþ

×
X3
i¼1

½ ~fðziΣ; m2
Σþ=M2

ZÞ − ~gðziΣ; m2
Σþ=M2

ZÞ�λ̄i ~cf;i;

ð27Þ

where the vector coupling of the electron to the Z equals
gVZēe ¼ g2ðs2W − 1=4Þ=cW and

ziΣ ≡m2
Σþ=m2

hi
: ð28Þ

The loop functions fðzÞ; gðzÞ; ~fðzÞ; ~gðzÞ are listed in
Appendix A. Analyzing expressions for λ̄i in Eq. (24) in
the limit αb ¼ αc ¼ m2

12 ¼ Imλ5 ¼ 0, we see that only i ¼
3 contributes to the fermion EDM. Thus, theoretical
predictions for both electron and neutron EDMs depend
only on the masses mh3 ; mΣþ . The electron EDM which
gives the strongest bound is proportional to the sin δΣ and
tan β parameters: δe ∼ sin δΣ tan β.
Up and down quark EDMs contribute to the neutron/

proton EDM as

dn=p ¼ e
X
q¼u;d

ζqn=pδq; ð29Þ

where ζqn=p are matrix elements of quark EDM operators
between neutron/proton wave functions. They equal

ζqn=p ¼ −
2mqρ

q
n=p

v2
; ð30Þ

where the dimensionless tensor charges ρqp=n have been
evaluated in Ref. [38] and we use them below in Sec. VI A.
While the down EDM is proportional to tan β like the

electron EDM, the up EDM behaves as cot β due to the
different Yukawa structure. This means that the neutron and
proton EDMs can potentially place a stronger bound on
the low tan β region in comparison with the electron
EDM bound.

B. Higgs diphoton decay

CMS [39] and ATLAS [40] measurements of the Higgs
diphoton decay are consistent with SM and provide bounds
a2Σ and mΣ. The observed signal strength for the Higgs
diphoton decay channel, divided by the corresponding SM
value, is defined as μ. Approximating the SM value of the
diphoton decay signal strength with contributions from the
top- and W-boson loops, using standard results from
Ref. [41] we obtain the following theoretical prediction
for the value of μ

FIG. 2. The dominant EDM contribution comes from these
Barr-Zee diagrams and their mirror graphs.
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μtheory2HDMΣ ¼ j3gtQ2
t F1=2ðτtÞ þ gWF1ðτWÞ þ gΣF0ðτΣÞj2

j3Q2
t F1=2ðτtÞ þ F1ðτWÞj2

;

ð31Þ

where τt ¼ 4m2
t =m2

h1
, τW ¼ 4m2

W=m
2
h1
, τΣ ¼ 4m2

Σ=m
2
h1

and [41]

F1=2ðτÞ ¼ −2τ½1þ ð1 − τÞfðτÞ�;
F1ðτÞ ¼ 2þ 3τ½1þ ð2 − τÞfðτÞ�;
F0ðτÞ ¼ τ½1 − τfðτÞ�: ð32Þ

Function fðτÞ reads [41]

fðτÞ ¼
8<
:

arcsin2ð1= ffiffiffi
τ

p Þ; if τ ≥ 1

− 1
4

�
ln 1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p − iπ
�
2
; if τ < 1:

ð33Þ

The coefficients gt; gW; gΣ are

gt ¼ 1; gW ¼ 1; gΣ ¼ 1

2
sin 2βRea2Σ

�
v
mΣ

�
2

: ð34Þ

The numerical constraints from the Higgs to diphoton data
on the parameters tan β; mΣ are presented in Sec. VI B
below.

V. BARYOGENESIS AND TWO-STEP
PHASE TRANSITION

We now analyze the dynamics of BAU generation during
the first step of the 2SPT process. Following early work, we
first compute the net number density of LH fermions nL
generated by CP-violating interactions at the bubble walls
(the spacetime varying scalar field vevs). As it diffuses
ahead of the bubble wall, the nonvanishing nL then
catalyzes creation of a nonvanishing baryon number
density by the EW sphalerons. Since the EW sphaleron
rate Γws is typically much slower than the rates for
processes that govern nL generation, we treat the compu-
tations of ρB and nL as separate steps. The latter entails
deriving and solving a coupled set of transport equations of
the form

∂λjλk ¼ −
X
A

ΓAðμk − μl − � � �Þ þ SCPk ; ð35Þ

where jλk and μk are the number density current and
chemical potential for particle species “k,” ΓA are a set
of particle number changing reaction rates that involve
species k and other species relevant to the problem, and SCPk
is a CP-violating source for species k.
We derive these equations using the Schwinger-Keldysh

closed time path (CTP) framework that is appropriate for
out-of-equilibrium dynamics at finite temperature [42–47].

For a detailed review of the formalism in the context of the
EWBG in SUSY, see, e.g., Refs. [48,49]. For brevity we
provide the main results here without going into the details
of the formalism. As this work provides an initial study of
the viability of two-step EWBG, we employ several
approximations and assumptions to make the computation
reasonably tractable, deferring a more exhaustive treatment
to future work:

(i) We take the bubble walls to be planar, and treat all
quantities only as functions of the co-moving co-
ordinate z ¼ xþ vwt, where vw is the wall velocity
and x is the position relative to the center of the wall.
We illustrate the dependence of YB on vw, and give
illustrative results for a value of vw that is within the
range of values obtained from EWBG studies for
other models.

(ii) We use bubble wall profiles, vΣðxÞ and vSðxÞ, that
have the typical form obtained in other studies of
bubble walls, again showing the dependence of YB
on the parameters that characterize the profile and
choosing typical values for purposes of illustration.

(iii) We compute the CPV sources using the vev-
insertion approximation (VIA), which amounts to
expanding the mass-squared matrix to second order
in the off-diagonal elementsm2

12ðxÞ. In the extension
of the SM by a triplet and a singlet which acquire
vevs, the corresponding expression is m2

12ðxÞ ¼
1
2
½a2Σv2ΣðxÞ þ a2Sv2SðxÞ�. The sources then depend

on the interference of these elements at two different
spacetime points, viz,m2

12ðxÞm2
12ðyÞ�. As we will see

below, when the CPV phase in the m2
12ðxÞ vary with

spacetime, the interference m2
12ðxÞm2

12ðyÞ� contains
a nonvanishing CPV phase.

The VIA assumes that the particle-antiparticle asymme-
try generation is dominated by the region near the phase
boundary, where the vevs are small compared to both T and
the difference jm2

11 −m2
22j1=2. While the approximation is

thought to provide a reasonable estimate of the magnitude
of the CPV sources, it is associated with theoretical
uncertainties. In particular, it neglects the impact of flavor
oscillations, which become important in the region where
the off-diagonal term in M2 is comparable to jm2

11 −m2
22j.

In the present instance, the potential VðH1; H2Þ contains no
tree-level contribution to m2

12 that would give rise to flavor
oscillations. Flavor oscillations will, nevertheless, be
induced by a finite-temperature contribution as well as
the nonvanishing vΣ and vS. Thus, we will treat our results
for parameter choices in this region with a healthy dose
of salt.
A more complete treatment that includes flavor oscil-

lations requires a resummation of the vevs to all orders, as
well as a first principles treatment of the thermalizing
interactions between the scalar fields and the other particles
in the finite-T plasma. Initial efforts to carry out the former
have been performed in Refs. [50–53], focusing on the YB
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in the minimal supersymmetric Standard Model as gen-
erated by gaugino-Higgsino interactions with the bubble
walls (for an extensive discussion and related references,
see Ref. [4]). The authors of Refs. [52,53] found a
significant reduction in the asymmetry compared to the
result in the vev-insertion approximation. However, as later
pointed out in Ref. [26], the computation of Refs. [52,53]
neglected the effects of diffusion ahead of the bubble wall
and dropped the dominant CPV source for the flavor-
diagonal particle number densities. Retaining the latter and
including the effects of diffusion leads to a resonant
enhancement” of YB in the small jm2

11 −m2
22j regime that

is consistent with what is observed in the VIA.
Consequently, we conclude that for our present purpose
of evaluating the viability of two-step EWBG the vev-
insertion approximation provides a reasonable estimate of
the magnitude of the baryon asymmetry one might antici-
pate in this scenario. We defer to future work an analysis
using the more numerically intensive framework of
Refs. [25,26] that also requires modeling in detail the
CP-conserving thermalizing interactions in the high-
temperature plasma.

A. Relevant interactions

With these comments in mind, we now provide the
Lagrangian for interactions that are responsible for the
BAU generation below. All scalar interactions are con-
tained in the effective potential VðH1; H2;Σ; SÞ; see
Eqs. (5) and (6). The source terms are generated by the
interactions that have two Higgs fields H1; H2 and two
VEVs of the triplet and singlet fields v2Σ; v

2
S. The corre-

sponding Lagrangian is given by

LS
scalar ¼ −

ða2Σv2Σ þ a2Sv2SÞ
2

½H†
1H2 þ H:c:�: ð36Þ

The CP-conserving interactions include both scatter-
ing and particle number changing reactions. The former
determine how effectively particle asymmetries gener-
ated at the bubble wall diffuse into the broken phase
where the weak sphalerons are unsuppressed. We take
these into account using the diffusion ansatz (see
below). The leading particle number changing reactions
are mediated by triscalar and Yukawa interactions. For
the former the following interaction Lagrangian is
needed

LY
scalar ¼ −ða2ΣvΣΣ0 þ a2SvSSÞ½H†

1H2 þ H:c:�: ð37Þ

For the latter, the Yukawa Lagrangian in the type-II
2HDM is given in Eq. (22). Keeping only terms
proportional to the top Yukawa coupling we arrive at

LY
fermion ¼ ytð−H0

2t̄RtL þHþ
2 t̄RbLÞ; ð38Þ

where yt is related to the (3,3) component of the
Yukawa matrix YU and the top quark mass in the
following way yt ≡ Y33

U ¼ ffiffiffi
2

p
mt=jv2j. The correspond-

ing expression for the bottom Yukawa coupling is
yb ≡ Y33

D ¼ ffiffiffi
2

p
mb=jv1j. Note that in the regime of

moderate to large tan β, wherein yb is enhanced over
its SM value, explicit inclusion of bottom Yukawa
interactions can be decisive [54].

B. The source term

Under the VIA, the processes shown in Fig. 3 generate
the source term densities H1; H2. The complex couplings
that enter the computation are a2Σ; a2S. As a result the
source term has two qualitatively different parts: the CP
conserving and the CP violating. Applying straightfor-
wardly the CTP method [48], we obtain a CP-conserving
term

SCPH1
¼ Γþ

MðμH1
þ μH2

Þ þ Γ−
MðμH2

− μH1
Þ;

SCPH2
¼ −SCPH1

; ð39Þ

where the CP-conserving relaxation rates ΓM� are

ΓM� ¼ −
3W�

2π2T3
ja2Σv2ΣðxÞ þ a2Sv2SðxÞj2: ð40Þ

The role of the CP-conserving term in the Boltzmann
equations is that of the relaxation type. The CP-violating
source term equals

SCPH ðxÞ ¼ ja2Σa2Sj sinðδS − δΣÞ
π2

vSðxÞvΣðxÞ
× ½vSðxÞ _vΣðxÞ − _vSðxÞvΣðxÞ�Λ: ð41Þ

The role of the CPV source term in the Boltzmann
equations is to generate the particle-antiparticle asymme-
tries. The thermal functions W�;Λ depend on the temper-
ature T and thermal masses of Higgs bosonsH1; H2 and are
given by

FIG. 3. VEV insertion Feynman graphs in the 2HDM with an
addition of a triplet and a singlet. The VEVand the a2 coupling in
the graphs correspond to the triplet and a singlet correspondingly.
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W� ¼
Z

k2dk
ω1ω2

1

2
Im

�
hBðϵ2Þ∓hBðϵ�1Þ

ϵ2− ϵ�1
−
hBðϵ2Þ∓hBðϵ1Þ

ϵ2þ ϵ1

�
;

Λ¼
Z

k2dk
ω1ω2

Im

�
nBðϵ�1Þ−nBðϵ2Þ

ðϵ�1− ϵ2Þ2
þnBðϵ1ÞþnBðϵ2Þþ 1

ðϵ2þ ϵ1Þ2
�
;

ð42Þ

where ϵi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þm2

Hi

q
− iΓHi

, i ¼ 1, 2. The functions
W�;Λ have a well known resonant enhancement when
mH1

¼ mH2
[48], which we stress below in Sec. VI C.

C. Particle number changing rates

The first two graphs shown in Fig. 4 evaluated using the
CTP formalism lead to terms in the transport equations for
the currents of the densities H1; H2: ∂μj

μ
Hi

¼ ∓ðμH1
−

μH2
ÞΓH with i ¼ 1, 2, where

ΓH ≈
12

T2
½ja2Σj2IBðvΣðxÞ;mH1

; mH2
; mΣÞ

þ ja2Sj2IBðvSðxÞ;mH1
; mH2

; mSÞ�: ð43Þ

The approximate sign indicates the assumption of slowly
varying triplet and the singlet vevs in the first two graphs of
Fig. 4: vΣ;SðxÞ ≈ vΣ;SðyÞ. The function IB depends on the
temperature and thermal masses of H1; H2;Σ and S fields,
it can be found in Ref. [49] and is not repeated here for
brevity. The third graph in Fig. 4 equals to zero in the CTP
formalism, which is manifestation of the fact that the Σ0

field has a zero chemical potential.
In Fig. 5 we show the additional interactions in the

plasma that lead to Yukawa ΓY and corresponding addi-
tional terms in the transport equations that arise from
Yukawa interactions. These processes play important role
as they transfer the particle-antiparticle asymmetry gen-
erated in the scalar sector to the left handed quark anti-
quark asymmetry. The type II 2HDM has a Yukawa sector

equivalent to MSSM, if one excludes the superparticles
from the latter Lagrangian. Thus, the relaxation rate ΓY
for our scenario and the corresponding terms in the trans-
port equations can be readily obtained from MSSM
calculations [49],

ΓY ¼ 12NCy2t
T2

IFðmtR; mQ;mH2
Þ þ 0.129

g23
4π

T; ð44Þ

where the function IF can be found in Ref. [49] and will

not be repeated here. The additional term 0.129 g2
3

4π T is
included [55,56] as an estimate of the four-body contri-
butions to the ΓY , which plays role in some in the parameter
space regions where, due to kinematic threshold effects, IF
vanishes. In particular, IF vanishes for mH2

< 150 GeV,
and for mH2

¼ 200 GeV, the first term in the Eq. (44)
≈3 GeV. This is to be compared to the value of the four-
body term ≈1.9 GeV.
We use the standard form for the strong sphaleron rate

[57–59],

Γss ¼ 16κα4sT; ð45Þ

where κ ≃ 1 and αs is the strong coupling.

D. Boltzmann equations

In order to analyze all the transport processes that arise
from CTP processes considered in the above subsection, we
construct the following four densities:

T ¼ ntR ;

Q ¼ ntL þ nbL;

H ¼ nHþ
2
þ nH0

2
− nHþ

1
− nH0

1
;

h ¼ nHþ
1
þ nH0

1
þ nHþ

2
þ nH0

2
; ð46Þ

where T;Q;H; h correspond to the densities of right
handed quarks, left handed quarks and two linear combi-
nations of H1; H2 densities, respectively. The resulting set
of the transport equations are

FIG. 4. First two graphs define the relaxation rate ΓH . The last
graph leads to a zero source term for the Σ0 field.

FIG. 5. Processes in the plasma induced by the Yukawa terms.
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∂μTμ ¼ −ΓY

�
T
kT

−
Q
kQ

−
�
H
kH

þ h
kh

��

þ Γss

�
2Q
kQ

−
T
kT

þ 9ðQþ TÞ
kB

�
;

∂μQμ ¼ −ΓY

�
Q
kQ

−
T
kT

þ
�
H
kH

þ h
kh

��

− 2Γss

�
2Q
kQ

−
T
kT

þ 9ðQþ TÞ
kB

�
;

∂μHμ ¼ −Γþ
M

h
kh

− ðΓ−
M þ ΓHÞ

H
kH

− ΓY

�
Q
kQ

−
T
kT

þ
�
H
kH

þ h
kh

��
þ SCPH ;

∂μhμ ¼ −ΓY

��
H
kH

þ h
kh

�
þ Q
kQ

−
T
kT

�
: ð47Þ

The finite-temperature expressions for the coefficients
ki can be found in Eq. (72) of Ref. [48]. For reference,
we note that in the massless limit kT ¼ kQ=2 ¼ kB ¼ 3
and kH ¼ kh ¼ 4. Finite-temperature contributions to
the thermal masses lead to modifications of these
relationships.

E. Approximate solution

For purposes of deriving intuition about the transport
dynamics, it is helpful to proceed toward a solution to
Eqs. (47) as far as possible analytically. To that end, it is
useful to consider the limit ΓY;Γss → ∞, (see, for example,
[48] and the references therein). In this limit the linear
combination of densities that multiply ΓY and Γss relax to
zero very close to the bubble wall, yielding two conditions
that allow us to eliminate two of the four densities. We note
that one difference with [48] is that in our application we
keep the h density in our coupled equations; thus, when we
use the approximation of large ΓY;Γss, we find

T
kT

−
Q
kQ

−
H þ h
kH

≈ 0; ð48Þ

2Q
kQ

−
T
kT

þ 9ðQþ TÞ
kB

≈ 0: ð49Þ

Our four equations reduce to a set of two coupled
Boltzmann equations which we solve numerically. For
that reason we call this the “approximate solution” as
opposed to the “analytical solution” which we would be
able to achieve in the absence of the h density. Using the
approximate formulas Eq. (48) and Eq. (49), we solve for
T;Q. The solution reads

T ¼ cTðH þ hÞ; Q ¼ cQðH þ hÞ; ð50Þ

where

cT ¼ kTð2kB þ 9kQÞ
kH½kB þ 9ðkQ þ kTÞ�

;

cQ ¼ kQðkB − 9kTÞ
kH½kB þ 9ðkQ þ kTÞ�

: ð51Þ

The remaining two densities H; h satisfy a set of two
coupled Boltzmann equations. In order to find these
equations, we need to find the linear combinations
of equations in Eq. (47) that are free from either
ΓY;Γss. One possibility is to choose 2∂μTμ þ ∂μQμ þ
∂μhμ and ∂μHμ − ∂μhμ. The resulting equations should
be solved with respect to H00; h00 and as a result we
obtain [60]

DHH00 − ða11H0 þ a12h0Þ − ðΓ̄11H þ Γ̄12hÞ þ S1 ¼ 0;

DHh00 − ða21H0 þ a22h0Þ − ðΓ̄21H þ Γ̄22hÞ þ S2 ¼ 0;

ð52Þ

where we made the following definitions:

a11 ¼ a22 ¼ vw
DH þ ðDH þDQÞðcQ þ 2cTÞ

D̄
;

a12 ¼ a21 ¼ vw
ðcQ þ 2cTÞðDH −DQÞ

D̄
;

Γ̄11 ¼
½DH þ ðcQ þ 2cTÞDQ�ðΓM− þ ΓHÞ

kHD̄
;

Γ̄21 ¼ −
ðcQ þ 2cTÞDQðΓM− þ ΓHÞ

kHD̄
;

Γ̄12 ¼ Γ̄22 ¼ 0;

S1 ¼
DH þ ðcQ þ 2cTÞDQ

D̄
SCPH ;

S2 ¼ −
ðcQ þ 2cTÞDQ

D̄
SCPH ;

D̄ ¼ DH þ 2ðcQ þ 2cTÞDQ: ð53Þ

The left-handed quark density is found via nL ¼ 4T þ 5Q
[57]. The electroweak sphalerons transfer this density into
the net baryon asymmetry according to [57]

nB ¼ −3
Γws

vw

Z
0

−∞
dznLðzÞexp

�
15

4

Γws

vw

�
: ð54Þ

Our expressions in Eq. (51) are equivalent to the r1 term
in an analogous approximate solution in the MSSM case as
given in Eq. (84) in Ref. [48]. Note that if one uses the zero
mass limit values of kQ ¼ 2kT ¼ 2kB, from Eq. (54),
Eq. (50), and Eq. (51), we see that the net baryon
asymmetry equals to zero, as expected based on the
vanishing of r1 in this limit. A nonvanishing nB then arises

TWO-STEP ELECTROWEAK BARYOGENESIS PHYSICAL REVIEW D 93, 015013 (2016)

015013-11



from retaining the subleading terms in 1=Γss, as contained
in the r2-term in Eq. (84) of Ref. [48]. However, keeping
the finite temperature contributions to the quark and scalar
field masses yields a nonvanishing result at zeroth order in
1=Γss. In Sec. VI we compare the solution of Eq. (52) to the
solution for the full set in Eq. (47) and we find for our
benchmark scenarios that the approximate solution YB is by
∼10% larger than the result of the full solution. We studied
the agreement between the approximate and full method
when varying the parameters of the theory in the wide
range. In some points in the parameter space the approxi-
mate YB becomes up to a factor of 2 larger than the full
numerical solution, which cannot be explained by the
subleading terms in 1=Γss, but rather follows from the
behavior of the densities in the vicinity of the bubble wall.
Thus, we conclude that YB is dominated by the leading-
order contribution in 1=Γss that results from retaining the
finite-temperature masses in computing the statistical
factors kj.

F. Profile functions

The CPV source term in Eq. (41) is proportional to the
combination of VEVs vΣ; vS which is convenient to rewrite
in the following way:

vSðxÞvΣðxÞ½vSðxÞ _vΣðxÞ − _vSðxÞvΣðxÞ�

¼ 1

2
½vΣSðxÞ�4 sin 2βΣSðxÞ_βΣSðxÞ; ð55Þ

where we have defined

vΣS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ΣðxÞ þ v2SðxÞ

q
; βΣSðxÞ ¼ arctan

vΣðxÞ
vSðxÞ

: ð56Þ

The detailed shapes of the profiles vΣ; vS, or equivalently
vΣS; βΣS, across the bubble are unknown and their detailed
calculation is beyond the scope of this paper. Analogous
calculation of the profiles in the MSSM have been
performed in Ref. [61], for the NMSSM in Ref. [62],
for the real singlet extension in Ref. [63] and for the
complex singlet extension in Ref. [23]. In the MSSM case,
the role of two VEVs are playing vuðxÞ; vdðxÞ. For
simplicity we adopt the shape of the profiles from
MSSM calculations, but stress that further study is
required for a more complete treatment. Thus, we use
the following analytical form [48–50,64] of the profile
functions,

vΣSðxÞ ¼
1

2
vð0ÞΣS ðTÞ

�
1þ tanh

�
2αz
Lw

��
;

βΣSðxÞ ¼ β0ðTÞ −
1

2
Δβ
�
1 − tanh

�
2αz
Lw

��
; ð57Þ

with α ¼ 3=2. Note that we have assumed the same wall
thickness for the triplet and singlet vevs, an assumption
that parallels the treatment of the doublet and singlet vevs
in Ref. [23].
Similarly to the MSSM we will assume additional

suppression of the BAU due to small numerical value of
Δβ ∼ 0.015 [61]. Unlike the MSSM case, our source term
is proportional not only to _βðxÞ, but also to sin 2βðxÞ, which
in principle could lead to additional suppression of the total
generated BAU. For concreteness we choose the value
for β0ðTÞ in the early universe to be π=4, so that
sin 2β0ðTÞ ¼ 1. Our results can be appropriate re-scaled
after a comprehensive study of the bubble profiles has been
completed.

VI. RESULTS

In this section we present the numerical results for
bounds from existing and sensitivity regions from future
generation EDM measurements, and also constraints from
Higgs to diphoton decay and BAU. The question we are
going to ask is whether it is possible to generate the
observed BAU during the first step of the 2SPT described in
this paper, in a way that is consistent with the experimental
observations.

A. EDMs

From our previous analysis the dependence of electron
and neutron EDMs on the parameters of the theory has the
following form

de ¼ sin δΣ tan βFðmh3 ; mΣÞ;
dn ¼ sin δΣðCn

1 tan β þ Cn
2 cot βÞFðmh3 ; mΣÞ; ð58Þ

where Cn
1; C

n
2 depend on the quark charges and nucleon

matrix elements of up and down quark EDM operators. A
similar expression to that for dn applies to the proton EDM
with appropriate replacements Cn

1;2 → Cp
1;2.

In Ref. [38] the nucleon tensor charges have been
evaluated on the lattice

ρup ¼ ρdn ¼ 0.774ð66Þ; ρdp ¼ ρun ¼ −0.233ð28Þ: ð59Þ

Using the above results we obtain from Eq. (30) the
following numerical values for the nucleon matrix elements
of the quark EDM operators

ζun ¼ ð3.5� 1.0Þ × 10−22 cm;

ζdn ¼ ð−24.2� 2.9Þ × 10−22 cm;

ζup ¼ ð−11.6� 3.2Þ × 10−22 cm;

ζdp ¼ ð7.3� 2.1Þ × 10−22 cm: ð60Þ
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Results based on sum rules and quark model can be found
in the review [16] and are approximately factor of 2 smaller
with larger error bars. We have also used the PDG [65]
quark mass values mu ¼ 2.3� 0.6 MeV and md ¼ 4.8�
0.4 MeV [66] and combined the relative uncertainties
from quark masses and tensor charges in quadrature,
assuming they are uncorrelated. The resulting uncertainties
in Eq. (60) range from 12% to 29%. Note, however, that
we have neglected possible contributions from the
strange quarks, whose contribution to dn may be as large
as 35% with an uncertainty of similar magnitude [38].
Consequently, to be conservative, we will take the uncer-
tainty on dn=p to be 29%.
The constraints on the CPV phase δΣ are shown in

Fig. 6 as a function of tan β; mh3 ; mΣ. The gray bands
correspond to the current ACME electron EDM bound
jdej < 8.7 × 10−29e cm at the 90% confidence level. The
light-red bands correspond to the projected neutron
EDM sensitivity jdnj ¼ 2.9 × 10−28e cm, which is a
factor of 100 times more sensitive than the current
neutron EDM bound. The dark yellow bands correspond
to a possible proton EDM search with sensitivity
of jdpj ¼ 2.0 × 10−28e cm.
As expected for the first panel in Fig. 6, the electron

EDM bound on sin δΣ is a hyperbola as a function of tan β,
the neutron EDM bound becomes stronger at both large
and small values of tan β, consistent with parametric
dependence in Eq. (58). The second and third panels
reveal the dependence of function Fðmh3 ; mΣÞ in Eq. (58)
on its arguments. Also as expected, the bounds become
weaker as one increases the mass of either scalar that
enters the two-loop contributions. In all three plots we
indicate in the top left the numerical values used for the
remaining two parameters, besides those that are varied in
the plot.
From the left panel, we see that the existing electron

EDM bound yields tight constraints on the angle δΣ
except at small values of tan β. A future EDM experiment
with ∼10−28e cm sensitivity would cover this low-tan β
region.

In addition we stress that the EDM bounds do not
constrain the second CPV phase δS; see Eq. (10). We will
exploit this feature below when we discuss the numerical
results for constraints coming from the BAU.

B. Higgs to diphoton

Using the current LHC data from run I, the Higgs to
diphoton signal is consistent with SM model and equals
[39,40]

μCMS ¼ 1.14þ0.26
−0.23 ; ð61Þ

μATLAS ¼ 1.17þ0.27
−0.27 : ð62Þ

These agree quite well and in our numerical analysis we use
the combined result [67]

μLHC ¼ 1.15þ0.28
−0.25 : ð63Þ

Note that the diphoton signal strength above corresponds to
the production mechanism via gluon gluon fusion. Adding
the corresponding vector boson fusion measurement
1.17þ0.58

−0.53 [67] will not change this result significantly
because the error bar for it is a factor of 2 bigger.
We see from Eqs. (31)–(34) that all parameter depend-

ence of the Higss diphoton rate can be absorbed into
mΣ; gΣ, where the gΣ dependence on tan β; mΣ;Rea2Σ is
given in Eq. (34). The experimental constraints on the
parameters tan β; mΣ from the LHC diphoton data are
shown in Fig. 7. We have chosen Rea2Σ ¼ 1.07—a value
that is used in our BAU computation below. The light-blue
shaded region corresponds to the parameter space of
the theory consistent with the LHC diphoton data
at 90% CL.
From Fig. 7 we find that formΣ > 119 GeV any value of

tan β would in no tension with current LHC diphoton data.
Thus, we conclude that the run I LHC data on the Higgs
diphoton decay is only weakly constraining the parameters
of our model; however, we should keep in mind that run II
data will place more stringent bounds.

FIG. 6. Electron EDM bound jdej < 8.7 × 10−29e cm (gray band represents the excluded region), projected neutron sensitivity
jdnj ¼ 2.9 × 10−28e cm (pink band) and a possible proton EDM with sensitivity jdpj ¼ 2.0 × 10−28e cm (olive band). Widths of the
pink and olive bands correspond to uncertainties in Eqs. (60). See text for more details.

TWO-STEP ELECTROWEAK BARYOGENESIS PHYSICAL REVIEW D 93, 015013 (2016)

015013-13



C. Generation of the baryon asymmetry

In this subsection we will show that for illustrative vev
profiles vSðxÞ; vΣðxÞ adopted from MSSM studies and
presented in Eq. (57), and for typical parameters for the
bubble wall width (Lw ¼ 0.25=T) and wall velocity
(vw ¼ 0.05), it is possible to generate the observed
BAU during the first step of the 2SPT. For the critical
temperature and the values of the vevs of the triplet and
the singlet in the early universe we use T ¼ 123 GeV,
vΣðTÞ ¼ vSðTÞ ¼ 76.3 GeV, motivated by benchmark
studies of [12]. For diffusion constants we use
DQ ¼ 6=T, DH ¼ 110=T [56]. Again, a more comprehen-
sive study would require an explicit analysis of a more
appropriate choice of profiles and bubble wall parameters
needed for the scenario at hand.
The BAU has a known resonant behavior [48],

reflected by a peak around some point in the parameter
space. To see why this is the case, consider the CPV
source term SCPH , which for our problem is shown in
Eq. (41). The function Λ to which the CPV source is
proportional to is given in Eq. (42), and plotted in Fig. 8.
The resonance leading to the maximum magnitude for the
CPV source corresponds degeneracy of the thermal
masses of the two Higgs bosons mH1

ðTÞ ¼ mH2
ðTÞ. It

should be noted that similar resonant behavior is valid for
the relaxation rates ΓM in Eq. (40), which to a certain
degree mitigates resonance in the source [48]. The
difference of mass squares of two Higgs bosons at finite
temperature equals

m2
H1
ðTÞ −m2

H2
ðTÞ ¼

�
y2b − y2t þ

m2
h2

v2
ðtan2β − cot2βÞ

�
T2

4
:

ð64Þ

The BAU is, thus, maximal when tan β and mh2 are
chosen such that Eq. (64) equals zero. Note that the
Yukawa parameters yt; yb also depend on tan β as
indicated in the text below equation Eq. (38).
As noted above, even though there exists no tree-level

mixing between the two doublets due to the Z2 symmetry
of VðH1; H2Þ (m2

12 ¼ 0), at the finite temperature, an off-
diagonal mass term δm2ðTÞH†

1H2 þ H:c. is generated with

δm2ðTÞ ¼ a2ΣT2

8
þ a2ST2

24
. If non-negligible, such term would

induce complicated flavor oscillations [25], requiring
proper treatment beyond the VIA. For consistency we
estimate the error made by neglecting these flavor oscil-
lations by defining parameter θ ∼ δm2ðTÞ=ðm2

H1
−m2

H2
Þ

that characterizes the magnitude of flavor oscillations
Posc ∼ θ2 [25]. Therefore, if we choose to maximize the
BAU and tune the parameters to be at the resonant point, the
approximation of neglecting flavor oscillations becomes
arbitrarily bad, or θ ¼ ∞. For practical purposes of select-
ing benchmark scenarios, one should select parameters
away from the resonance, keeping the magnitude of θ from
∞ at reasonably controlled value. For the benchmarks
that we study below the value of jθj2 is included into the
Table II.
With these considerations in mind, we select two

benchmark scenarios A and B that yield the observed
BAU while respecting the present EDM bounds and
avoiding significant flavor oscillations. We set δS ¼ 0
for benchmark A and δΣ ¼ 0 for the benchmark B. The
remaining parameters, along with the thermal masses,
relaxation rates in the broken phase, and the values of
the EDMs and BAU are summarized in the Table II [68].
As one can see from that table, the neutron EDM is
currently consistent with benchmark A, however, with a
factor of 100 increase in the sensitivity this benchmark will
be probed and possibly ruled out. On the other hand

FIG. 7. Light-blue region represents the parameter space of the
theory that at the 90% confidence level is consistent with LHC
diphoton data.

FIG. 8. Resonant behavior of BAU dependence on the param-
eters of the theory. See text for more details.
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benchmark present and future EDM searches have no
sensitivity to the benchmark B.
The profiles of the relaxation rates, sources and particle-

antiparticle asymmetries for benchmark point A are
illustrated in the Fig. 9. The first panel represents the
dependence of two effective relaxation rates Γ̄11 and Γ̄21

entering the approximate equations in Eq. (52) on the
comoving distance from the bubble wall, z ¼ xþ vwt,
with z < 0 corresponding to the symmetric phase (outside
of the bubble) and z > 0 to the broken phase (inside the
bubble). The second panel represents the two sources
S1; S2 entering the approximate formula. Note the quali-
tative features that the relaxation rates Γ̄ are zero in the
symmetric phase and look like a step function across the
bubble wall, while the CPV sources are zero everywhere
except within the bubble wall. The smallness of the
magnitude of the S2 compared to S1 can be understood
from explicit formulae for them in Eq. (53) and the fact that
numerically DQ ≪ DH.
The third panel represents all the four densities

T;Q;H; h in colors red, green, blue, and black,

respectively. The thin solid lines correspond to the full
numerical solution to the transport equations while the
thick dashed lines to the approximate method. Finally,
the last panel represents the left handed quark density
nL ¼ 4T þ 5Q [57], which is converted to the net baryon
asymmetry via electroweak sphalerons [57]; see Eq. (54).
Figure 9 serves as an illustration how particle-antiparticle
densities are distributed inside and outside of the bubble in
the early Universe. The last panel also shows that the
approximate method to solve the transport equations is in a
reasonable agreement with the full numerical solution,
except in the vicinity of the bubble wall. While the
agreement between the full and approximate solutions in
the third panel might lead one to expect similar agreement
in the last panel, we note that the LH density nL ¼ 4T þ
5Q is subject to large cancellations. Consequently, any
small differences between the full and approximate sol-
utions in the third panel become magnified in nL (note the
order of magnitude smaller vertical scale in the fourth panel
as well). Thus, it is not surprising that expectations based
on the approximate solution are fairly well reflected in the
final results for YB.
The resulting baryon asymmetry as a function of the

CPV phases δΣ and δS and mh2 are shown in Fig. 10. In the
left (right) panel we set δS ¼ 0 (δΣ ¼ 0). We also indicate
the present EDM constraints and prospective future sensi-
tivities, which appear only in the left panel since for δΣ ¼ 0

the interactions in VðH1; H2;Σ; SÞ generate no elementary
fermion EDMs through two-loop order. The present
electron EDM bound jdej < 8.7 × 10−29e cm obtained
by the ACME collaboration [69] excludes the shaded
region above the horizontal black line. The horizontal pink
band indicates the reach of the future neutron EDM search
underway at the Fundamental Neutron Physics Beamline
at the Spallation Neutron Source that has a goal sensitivity
of jdnj ¼ 2.9 × 10−28e cm. A possible future proton EDM
search with a sensitivity of jdpj ∼ 10−29e cm would cover
the entire BAU-viable region of the left panel. For
illustrative purposes, we show the reach with a proton
EDM experiment having jdpj ¼ 2.0 × 10−28e cm sensitiv-
ity with the olive band. The widths of the proton and
neutron EDM bands correspond to 29% error, as in Fig. 6.
The green bands correspond to the parameters for which
the observed baryon asymmetry is generated. The dis-
continuity in the slope at mh2 ∼ 350 GeV results from
crossing a kinematic threshold in the three-body, particle
number changing rates.
These results indicate that it is possible for the observed

BAU to be generated during the first step of the two-step
EWPT. The present electron EDM bound excludes a
portion of the BAU-viable parameter space associated with
the CPV phase δΣ, while future nucleon EDM searches
could probe most or even all of this sector of the model. On
the other hand, the source of the BAU associated with the

TABLE II. Table of parameter values, thermal masses, relax-
ation rates, values of EDMs and BAU for benchmarks A; B.

Parameter A B

mh2 [GeV] 180 180
mh3 [GeV] 650 650
mΣ [GeV] 130 130
mHþ [GeV] 300 300
tan β 0.4 0.4
sin δΣ 0.38 0
sin δS 0 −0.4
Rea2Σ 1.07 1.07
ja2Sj 2.0 2.0
b4 0.8 0.8
mqLðTÞ [GeV] 106 106
mtRðTÞ [GeV] 133 133
mbRðTÞ [GeV] 63 63
mH1

ðTÞ [GeV] 82 82
mH2

ðTÞ [GeV] 215 215
mΣðTÞ [GeV] 91 91
mSðTÞ [GeV] 200 200
ΓH1

[GeV] 5 5
ΓH2

[GeV] 5 5
ΓY [GeV] 1.9 1.9
ΓH [GeV] 0.31 0.26
Γss [GeV] 0.41 0.41
ΓMþ [GeV] −0.084 −0.080
ΓM− [GeV] 0.48 0.46
de=ð10−29e cmÞ 5.8 0
dn=ð10−28e cmÞ −3.3 0
dp=ð10−28e cmÞ 6.0 0
Yapprox
B =ð10−11Þ 9.3 9.1

Yfull num
B =ð10−11Þ 8.6 8.4

jθj2 0.0073 0.0066
μγγ 0.86 0.86
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singlet-Higgs operator a2SH
†
1H2S2 þ H:c: is immune from

these present and future EDM probes.
It is also interesting to ask how these statements vary

with the other parameters in the theory, particularly

tan β. To that end, we show in Fig. 11 the tan β
dependence of the CPV phases and EDM sensitivities.
We restrict our consideration to tan β ≲ 5, as for values
above this region, one must include explicitly the effects

FIG. 9. Profile functions and the solution to the boundary problem for benchmark A. See text for more details.

FIG. 10. Constraints on the CPV phases δΣ (left panel) and δS as a function of the mass mh2 . Solid green band is consistent with the
observed BAU: YB ¼ ð8.59� 0.22Þ × 10−11. For δS ¼ 0 (left panel) the current electron EDM bound jdej < 8.7 × 10−29e cm excludes
the shaded region above the horizontal black line. Sensitivities of a future neutron EDM jdnj < 2.9 × 10−28e cm [69] and possible
proton EDM with jdpj < 2.9 × 10−28e cm are indicated, respectively, by the pink and olive shaded horizontal bands. Widths of the
bands correspond to uncertainties in Eqs. (60). See text for more details. Present and future EDM searches have no sensitivity when
δΣ ¼ 0 (right panel). See Table II parameters corresponding to benchmarks A (magenta circle) and B (blue square). For each panel, we
fix these values and vary only the two parameters shown.
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of bottom quark Yukawa rates that are enhanced as
tan2 β [54] in the type II 2HDM. Note that for model A,
the present electron EDM bound restricts one to values
of tan β below unity. For model B, where the EDM
places no constraint on the CPV phase δS, we observe
that consistency with the observed BAU requires
tan β ≲ 3. Based on experience with the MSSM, it is
likely that in the large tan β regime for both models
there may be significant cancellations between effects
associated with top and bottom Yukawa rates, leading to
an even smaller YB and the requirement of larger CPV
phases. Consequently, we expect that this regime will
not be viable, and we defer a detailed study of this
regime, as well as an analysis of the type I 2HDM
realization of our model, to future work.
In principle, it would also be interesting to explore

the mΣ dependence. In the present setup, larger values
of mΣ would not be consistent with the two-step EWSB
scenario according to the analysis of Ref. [12]. For
smaller values of mΣ, the EDMs induced by δΣ become
larger, leading to ever more severe constraints for model
A. We observe that allowing (a) the coefficient of the
Σ2S2 operator to be nonvanishing and (b) hSi ≠ 0 at T ¼
0 would open the possibility of larger values of the T ¼
0 triplet mass, thereby in principle weakening the EDM
constraints on model A, while preserving the viability of
the two-step EWSB transition at finite T. We again
defer a detailed study of this possibility, including the
impact on asymmetry generation, to future work.

VII. CONCLUSIONS

The possibility that EWSB occurred in multiple steps
opens a new pathway for weak scale baryogenesis. In
the two-step EWBG paradigm, the BAU is generated by
CPV dynamics during a first-order transition to an

EWSB-vacuum that precedes the final transition to
the Higgs phase of today’s Universe. As outlined in
Sec. II, there exist multiple possibilities for the CPV
interactions that could make this new pathway effective.
In this study, following the previous work in Ref. [12],
we have illustrated one subset of these possibilities,
focusing on renormalizable interactions in the scalar
sector that directly generate CPV asymmetries in the SM
Higgs sector via Higgs portal interactions. In this
example, BAU generation requires the presence of
two fields that obtain spacetime varying vevs during
the first EWSB step and two fields in the Higgs sector
that mix due to CPV interactions with one or both of
these vevs. For the former, we choose a real triplet ~Σ,
whose vev breaks EW symmetry during the first step,
and a real singlet. For the latter, we employ a type II
2HDM, wherein neither of the neutral doublet fields
obtain vevs during the first step but do so in the second
step (see Fig. 1). The real singlet provides an example
of a “partially excluded” sector that interacts with the
SM solely via the new CPV interaction.
Several generalizable features emerge from our illus-

trative model study. Most significantly, the two-step
EWGB paradigm appears to be a viable mechanism for
creating the BAU and does not appear to require fine
tuning of parameters. Moreover, while a portion of the
CPV dynamics is accessible to present and future EDM
searches, those associated with the partially secluded
sector are not. Direct searches for the new scalar states
could either discover exclude the ingredients necessary
for this scenario, but direct tests of the CPV interactions
are limited to those involving nonsinglet fields, at least
for the foreseeable future. On an experimentally more
positive note, should the CPV responsible for the BAU
involve the nonsecluded sector, one could anticipate
nonvanishing signals in future EDM searches.

FIG. 11. Constraints on the CPV phases δΣ (left panel) and δS as a function of the tan β for fixedmh2 ¼ 180 GeV. Various regions and
curves have the same meaning as in Fig. 10.
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Looking ahead, it would be interesting to explore other
specific realizations of two-step EWBG as well as the
present example with greater comprehensiveness. The
latter analysis would include consideration of the type I
2HDM, allowing for a nonvanishing a2ΣS coupling that
could yield larger triplet masses consistent with the strong
first-order EWPT during the first step, carrying out a
detailed study of the bubble profiles and wall velocities,
and ultimately going beyond the VIA along the lines of
Refs. [25,26].
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APPENDIX A: EDM LOOP INTEGRALS

Here we summarize the loop functions needed for the
EDM calculation:

fðzÞ ¼ z
2

Z
1

0

dx
½1 − 2xð1 − xÞ� ln xð1−xÞ

z

xð1 − xÞ − z
;

gðzÞ ¼ z
2

Z
1

0

dx
ln xð1−xÞ

z

xð1 − xÞ − z
;

~fðx; yÞ ¼ yfðxÞ
y − x

þ xfðyÞ
x − y

;

~gðx; yÞ ¼ ygðxÞ
y − x

þ xgðyÞ
x − y

: ðA1Þ

APPENDIX B: THERMAL MASSES

Thermal masses for the fields qL; tR; bR;H1; H2;Σ; S are
summarized in Table III.

APPENDIX C: ANALYTICAL INTEGRATION
FOR THE BOUNDARY PROBLEM

Solving the boundary problem for the densities varying
across the bubble wall is equivalent to considering N
coupled linear second-order differential equations,

y00i ðzÞ þ aiy0iðzÞ þ bijðzÞyjðzÞ ¼ siðzÞ; ðC1Þ

where index i ¼ 1;…; N is fixed and not summed over. For
our problem ai ∼ vw=Di are constants while bijðzÞ ∼
ΓijðzÞ=Di vary across the bubble wall and differ in the
symmetric and the broken phases. However, away from the
bubble wall jzj ≫ Lw the functions bijðzÞ converge to
constant numbers which we define as: for z > 0, bijðzÞ ≈
brij and for z < 0, bijðzÞ ≈ blij, where superscripts r; l stand
for “right” and “left” corresponding to the “broken” and
“symmetric” phases, respectively.
It is convenient to reduce the system of equations (C1) to

the 2N × 2N first-order coupled differential equations by
introducing a new variable,

YðzÞ≡
�
yiðzÞ
y0iðzÞ

�
; ðC2Þ

which is a column vector of the size 2N . In the column
notation, the set Eq. (C1) reduces to

Y 0ðzÞ ¼ A · YðzÞ þ SðzÞ: ðC3Þ

In the equation above A is a 2N × 2N dimensional matrix
and S is a 2N dimensional column vector which in the
block-diagonal form equal to

A ¼
�

0 1

−b −a

�
; SðzÞ ¼

�
0

sðzÞ

�
; ðC4Þ

where a and b are both N × N dimensional matrices with
a≡ diagai and b matrix has matrix elements equal to bij
and we emphasized again that we are working under the
assumption of no z dependence of the matrix A. N—
dimensional column vector sðzÞ has elements equal to
siðzÞ. Define U to be a matrix that has its columns
consisting of the eigenvectors of the matrix A and assume
that it diagonalizes the matrix A according to
U−1AU ¼ Adiag ¼ diagλk, where λk are the eigenvalues
of the matrix A. Because we assume that A has no z
dependence, we likewise obtain that U; λk have no z
dependence. In this case the transformation ~Y ¼ U−1Y
leads to a simple uncoupled set of 2N linear differential
equations of the first order,

~Y 0
k ¼ λk ~Yk þ ~SkðzÞ; ~S ¼ U−1SðzÞ: ðC5Þ

The solution in terms of the initial conditions for ~Y is

TABLE III. Thermal masses.

Field Thermal mass δm2
SM=T

2

qL
1
6
g23 þ 3

32
g22 þ 1

288
g21 þ 1

16
y2t þ 1

16
y2b

tR 1
6
g23 þ 1

18
g21 þ 1

8
y2t

bR 1
6
g23 þ 1

18
g21 þ 1

8
y2b

H1
3
16
g22 þ 1

16
g21 þ 1

4
y2b þ λ1

4
þ λ3

6
þ λ4

12

H2
3
16
g22 þ 1

16
g21 þ 1

4
y2t þ λ2

4
þ λ3

6
þ λ4

12

Σ g2
2

2
þ 5

12
b4

S 1
4
bðSÞ4
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~YkðzÞ ¼ eλkz
�
~Ykð0Þ þ

Z
z

0

dte−λkt ~SkðtÞ
�
: ðC6Þ

Note that in the symmetric phase (z < 0) and in the broken
phase (z > 0), the matrices U; λk; ~S are different . We will
assume a superscript l; r where appropriate to identify on
which side of the bubble wall we are studying the solution
to the boundary problem. The boundary problem requires
Yð−∞Þ ¼ Yðþ∞Þ ¼ 0 which easily translates into the
boundary condition for the rotated variables
~Yð−∞Þ ¼ ~Yðþ∞Þ ¼ 0. Note that while the formulation
of the boundary problem requires that the column vector
YðzÞ is continuous across the bubble wall Yð−0Þ ¼ Yðþ0Þ,
the same is not true for ~YðzÞ: ~Yð−0Þ ≠ ~Yðþ0Þ. The
necessary conditions for the boundary problem to have a
solution is

~Ykðþ0Þ ¼ −
Z

∞

0

dte−λ
r
kt ~SkðtÞ; λrk ≥ 0; ðC7Þ

~Ykð−0Þ ¼ −
Z

−∞

0

dte−λ
l
kt ~SkðtÞ; λlk ≤ 0; ðC8Þ

lim
z→þ∞

Z
z

0

dteλ
r
kðz−tÞ ~SkðtÞ ¼ 0; λrk < 0; ðC9Þ

lim
z→−∞

Z
z

0

dteλ
l
kðz−tÞ ~SkðtÞ ¼ 0; λlk > 0: ðC10Þ

Note that all integrals in Eqs. (C7)–(C10) are finite which
follows from integrability of ~SkðtÞ near ∞. Simultaneous
solution of the equations above together with continuity
condition at z ¼ 0 solves the boundary problem. If such
solution does not exist then the boundary problem has no
solution.
In practical applications it is often used the following

VEV profile functions

~vðzÞ ¼
1þ tanh z

Lw

2
; ~β0ðzÞ ¼ 1

2Lwcosh2
z
Lw

; ðC11Þ

with si ∼ ~vðzÞα ~β0ðzÞβ . For example in the SUSY example
α ¼ 2, β ¼ 1. In the present paper we have α ¼ 4, β ¼ 1.
The following master integral we evaluate analytically

Iðz; λ;α; βÞ ¼
Z

z

0

dte−λt½ ~vðtÞ�α½ ~β0ðtÞ�β ¼ 2βL1−β
w

2ðαþ βÞ− Lwλ
e
2ðαþβÞt

Lw
−λt ×2 F1

�
αþ 2β;αþ β −

Lwλ

2
;1þ αþ β −

Lwλ

2
;−e

2t
Lw

�				z
0

:

ðC12Þ
Consistently with our assumption that the relaxation rates are approximately given by a step function across the bubble

wall it is safe to assume that jzj ≫ Lw in the equation above. Indeed the BAU is generated far away from the bubble wall and
this is an extremely reliable approximation. Thus, by taking limits of the hypergeometric function at infinity obtain

Iðþ∞; λ; α; βÞ ¼ 2βL1−β
w

2ðαþ βÞ − Lwλ

�
Γð1þ αþ β − Lwλ

2
ÞΓðβ þ Lwλ

2
Þ

Γðαþ 2βÞ −2 F1

�
αþ 2β; αþ β −

Lwλ

2
; 1þ αþ β −

Lwλ

2
;−1

��

for λ > −
2β

Lw
: ðC13Þ

In the opposite limit z → −∞ we find

Ið−∞; λ; α; βÞ ¼ −
2βL1−β

w

2ðαþ βÞ − Lwλ
×2 F1

�
αþ 2β; αþ β −

Lwλ

2
; 1þ αþ β −

Lwλ

2
;−1

�
;

for λ <
2ðαþ βÞ

Lw
: ðC14Þ

The Eqs. (C13)–(C14) are directly applicable in Eq. (C7) and Eq. (C8). Finally, we also establish the following limits:

lim
z→þ∞

eλzIðz; λ;α; βÞ ¼ 0; for λ < 0; ðC15Þ

lim
z→−∞

eλzIðz; λ; α; βÞ ¼ 0; for λ > 0: ðC16Þ

The equations above demonstrate that Eq. (C9) and Eq. (C10) automatically are satisfied.
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