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Motivation
- SM cannot explain baryon asymmetry of the Universe (BAU),             
nB/nγ ≃ 10-10.

- 2HDM is a simplest extension that can solve the 2 problems. 

(1) no strong 1st-order EW phase transition (EWPT),

(2) no sufficient CP violation

(1) Sphaleron decoupling condition is crucial for EWBG tests.

-> We quantify overlooked magnetic mass effects on the condition.

(2) Size of CP violation is highly constrained by electron electric dipole 
moment experiment [ACME II (2018)].
-> We revisit top-driven EWBG scenario.
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✤ B violation: anomalous (sphaleron) process 


✤ C violation: chiral gauge interaction


✤ CP violation: KM phase and/or other sources in beyond the SM


✤ Out of equilibrium: 1st-order EW phase transition (EWPT) with 
expanding bubble walls

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (‘85) ]Sakharov’s conditions

BAU can arise by the growing bubbles.
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Today’s topics

Improvement of sphaleron decoupling condition

1. “Magnetic mass effect on sphaleron energy”,

   Koichi Funakubo and E.S., 2003.13929 (PRD). 

2. “Cancellation mechanism for the electron electric dipole moment 
connected with the baryon asymmetry of the Universe”,


   Kaori Fuyuto, Wei-shu Hou and E.S., 1910.12404 (PRD). 

Cancellation mechanism for electron EDM in general 2HDM.
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Sphaleron decoupling condition

Hubble constant

To avoid washout of BAU, the sphaleron process must be suppressed 
after EWPT.

Parametrizing Esph = 4⇡vEsph/g,
<latexit sha1_base64="A96cx2RMhfw8eeLXXpl2fwPtZlw="></latexit>
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Ntr : translational zero modes,
Nrot : rotational zero modes.
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Sphaleron decoupling condition

Hubble constant

To avoid washout of BAU, the sphaleron process must be suppressed 
after EWPT.

Parametrizing Esph = 4⇡vEsph/g,
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leading next-to-leading ∼1% (SM)

Ntr : translational zero modes,
Nrot : rotational zero modes.
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leading next-to-leading ∼1% (SM)

It is important to calculate εsph precisely.

Ntr : translational zero modes,
Nrot : rotational zero modes.
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Sphaleron in the SM 

How do we find a saddle point configuration?
-> use of a noncontractible loop.

Sphaleron解を求める
saddle point = least-energy path上のmaximum-energy configuration

NCS=1

NCS=0

vacuum

vacuum

Energy

configuration
space

least-energy path/gauge trf. = noncontractible loop
!

highest symmetry config.

! 4次元SU(2) gauge-Higgs doublet系 !
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— Sphaleron Transition — 39/47
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Manton’s ansatz

Energy functional

[N.S. Manton, PRD28 (’83) 2019]
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Equations of motion for the sphaleron

with the boundary conditions:

Sphaleron energy
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Higher-order corrections

T=0:
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Perturbative expansion breaks down at high T.
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[Parwani (92), Buchmüller et al (93) etc.]Resummed Lagrangian

new 0th-order part new counterterm

Ψ: scalars, gauge bosons
Δm2(T): thermal masses

We evaluate sphaleron energy using the resummed Lagrangian.
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resummations including the sunset-type diagrams, however, it turns into the second-order

phase transition [119–121], which is consistent with the aforementioned general argument.

Before closing this section, we briefly discuss the resummation in gauge theories. At

finite temperature, the Lorentz symmetry is broken by thermal bath specified by a four

vector of uµ, which takes the form of uµ = (1, 0) in the rest frame of thermal bath.

Consequently, the gauge boson self-energy Πµν(p0,p) is constructed by four basis tensors

{gµν , pµpν , uµuν , pµuν + pνuν}. It is convenient to define uT
µ = uµ − (p · u)pµ/p2 such that

uT
µp

µ = 0. With those four basis tensors, Πµν(p0,p) is generally written as

Πµν(p
0,p) = ΠL(p

0,p)Lµν(p) + ΠT (p
0,p)Tµν(p) + ΠG(p

0,p)Gµν(p) + ΠS(p
0,p)Sµν(p),

(28)

where

Lµν(p) =
uT
µu

T
ν

(uT )2
, Tµν(p) = gµν −

pµpν
p2

− Lµν(p), (29)

Gµν(p) =
pµpν
p2

, Sµν(p) =
pµuT

ν + pνuT
µ

√

(p · u)2 − p2
. (30)

Note that both Lµν and Tµν are 4-dimensionally transverse while the former (the latter) are

3-dimensionally longitudinal (transverse). In Landau gauge (ξ = 0), the resummed gauge

boson propagator has the form

Dµν(p) =
−Lµν(p)

p2 −m2 − ΠL(p0,p)
+

−Tµν(p)

p2 −m2 − ΠT (p0,p)
, (31)

where m is the gauge boson mass at T = 0. Here, two kind of the gauge boson thermal

masses are defined as

∆m2
L = lim

p→0
lim
p0→0

ΠL(p
0,p), ∆m2

T = lim
p→0

lim
p0→0

ΠT (p
0,p). (32)

The former is called electric mass and the latter magnetic mass. It should be noted that the

order of taking limits is not exchangeable. The opposite limit give different results [122].

As well known, the electric mass can arise perturbatively, which is the order of gT with

g being a gauge coupling. However, it is proven that the magnetic mass does not arise

in abelian gauge theories to all orders [122]. In non-abelian gauge theories, on the other

hand, the magnetic mass can be generated though its evaluation requires non-perturbative

methods [123]. Unlike the electric mass, the order of the magnetic mass is g2T .
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Consequently, the gauge boson self-energy Πµν(p0,p) is constructed by four basis tensors

{gµν , pµpν , uµuν , pµuν + pνuν}. It is convenient to define uT
µ = uµ − (p · u)pµ/p2 such that

uT
µp

µ = 0. With those four basis tensors, Πµν(p0,p) is generally written as

Πµν(p
0,p) = ΠL(p

0,p)Lµν(p) + ΠT (p
0,p)Tµν(p) + ΠG(p

0,p)Gµν(p) + ΠS(p
0,p)Sµν(p),

(28)

where

Lµν(p) =
uT
µu

T
ν

(uT )2
, Tµν(p) = gµν −

pµpν
p2

− Lµν(p), (29)

Gµν(p) =
pµpν
p2

, Sµν(p) =
pµuT

ν + pνuT
µ

√

(p · u)2 − p2
. (30)

Note that both Lµν and Tµν are 4-dimensionally transverse while the former (the latter) are

3-dimensionally longitudinal (transverse). In Landau gauge (ξ = 0), the resummed gauge

boson propagator has the form

Dµν(p) =
−Lµν(p)

p2 −m2 − ΠL(p0,p)
+

−Tµν(p)

p2 −m2 − ΠT (p0,p)
, (31)

where m is the gauge boson mass at T = 0. Here, two kind of the gauge boson thermal

masses are defined as

∆m2
L = lim

p→0
lim
p0→0

ΠL(p
0,p), ∆m2

T = lim
p→0

lim
p0→0

ΠT (p
0,p). (32)

The former is called electric mass and the latter magnetic mass. It should be noted that the

order of taking limits is not exchangeable. The opposite limit give different results [122].

As well known, the electric mass can arise perturbatively, which is the order of gT with

g being a gauge coupling. However, it is proven that the magnetic mass does not arise

in abelian gauge theories to all orders [122]. In non-abelian gauge theories, on the other

hand, the magnetic mass can be generated though its evaluation requires non-perturbative

methods [123]. Unlike the electric mass, the order of the magnetic mass is g2T .
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We elucidate a magnetic mass effect on a sphaleron energy that is crucial for baryon number
preservation needed for successful electroweak baryogenesis. It is found that the sphaleron energy
increases in response to the magnetic mass. As an application, we study the sphaleron energy and
electroweak phase transition with the magnetic mass in a two-Higgs-doublet model. Although the
magnetic mass can screen the gauge boson loops, it relaxes a baryon number preservation criterion
more effectively, broadening the baryogenesis-possible region. Our findings would be universal in
any new physics models as long as the gauge sector is common to the standard model.

Introduction.— Sphaleron [1, 2] in electroweak (EW)
theories plays a central role in the baryon and lepton
number-violating process at high temperature and its
rate in the EW-symmetry-broken phase is crucial to suc-
cessful electroweak baryogenesis (EWBG) [3]. In par-
ticular, energy of the sphaleron, which is predominantly
scaled by a vacuum expectation value (VEV) of the Higgs
field, has to be sufficiently large in order to preserve
the baryon asymmetry, calling for strong first-order elec-
troweak phase transition (EWPT).

It is known that ordinary perturbative expansion at
zero temperature would break down at high temperature
due to uncontrollable temperature-dependent power cor-
rections. Standard prescription for this problem is called
thermal resummation that reorganizes the perturbative
expansion in a consistent manner. It is common practice
in the literature that finite-temperature effective poten-
tial is improved by resummation methods of Parwani [4]
or Arnold-Espinosa [5]. With such a resummed effective
potential, EWPT is studied in a plethora of models be-
yond the standard model (SM). Regarding the thermal
resummation for the EW gauge sector, much attention
has been given to electric masses despite a magnetic mass
of the SU(2) gauge field can in principle enter the prob-
lems. It is thus legitimate to take both the resummation
effects into consideration (for earlier studies in the SM,
see Ref. [6, 7]).

In evaluating the sphaleron rate using a WKB method,
it is necessary for consistency to use the same resummed
Lagrangian that is applied to the EWPT study. Due to
the fact that the sphaleron is a magnetic configuration,
the magnetic mass term appears at the lowest order in the
equation of motion for the sphaleron, while the electric
masses come into the gauge boson loops in the resummed
effective potential, which are higher order. Regardless of
the potential significance of the magnetic mass, devoted
study has been missing so far. Since the required strength
of the first-order EWPT is predominantly determined by
the sphaleron energy, ramifications of the magnetic mass
effect is of great importance for successful EWBG.

In this Letter, we investigate the magnetic mass effect
on the sphaleron energy and quantify its impact on the
baryon number preservation criterion (BNPC) needed
for EWBG. For illustrative purpose, we first work on
the SM at zero temperature and clarify to what extent
the sphaleron energy can be affected by the presence of
the magnetic mass. Given the fact that the magnetic
mass is inherently nonperturbative and its robust esti-
mate seems unavailable to date yet, we thus allow it to
vary within a reasonable range studied in the literature.
Then, as a realistic application, we consider a EWBG
scenario in a general two Higgs doublet model (2HDM)
(for a recent study, see, e.g., Ref. [8]) and evaluate the
sphaleron energy and BNPC with the magnetic mass at
critical temperature of EWPT. Our analysis shows that
the sphaleron energy is the increasing function against
the magnetic mass, which renders BNPC more relaxed
and EWBG-possible regions get broadened accordingly.
This conclusion would apply to any models beyond the
SM as long as the gauge sector is common to the SM.
Gauge-invariant mass term.— We first delineate how

the magnetic mass is implemented to our problem. Here
we demonstrate two different approaches and show that
the both lead to the same mass form under a certain
condition.
In general, the bilinear term of the gauge field takes

the form

L(2)
eff = Tr

[

AµΠµνA
ν
]

=
1

2
AaµΠµνA

aν , (1)

where Πµν is the self-energy and its general form in the
momentum space is cast into the form [6]

Πµν(p) = ΠL(p)Lµν(p) +ΠT (p)Tµν(p) +ΠG(p)Gµν (p)

+ΠS(p)Sµν(p), (2)

where Lµν(p) = uT
µu

T
ν /(u

T )2, Tµν(p) = gµν − pµpν/p2 −
Lµν(p), Gµν(p) = pµpν/p2, Sµν(p) = (pµuT

ν +
pνuT

µ )/
√

(p · u)2 − p2 with uT
µ = uµ−pµ(u ·p)/p2 and uµ

specifies thermal bath. We consider a static case in whichStatic limit (sphaleron ansatz)p0 = 0, p ! 0 with @iAi = 0
<latexit sha1_base64="22B4Ulad9UWNK/GjsIaXzIV3Oyk="></latexit>
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<latexit sha1_base64="+a34ApR5pKuDaGj3/F0DMHvL9O0=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhPBKuzFQhshamMZwXxAcoS9zV6yZG/v2N0TwpEfYWOhiK2/x85/415yhSY+GHi8N8PMPD8WXBuMv53C2vrG5lZxu7Szu7d/UD48ausoUZS1aCQi1fWJZoJL1jLcCNaNFSOhL1jHn9xlfueJKc0j+WimMfNCMpI84JQYK3WqNwN8jauDcgXX8Bxolbg5qUCO5qD81R9GNAmZNFQQrXsujo2XEmU4FWxW6ieaxYROyIj1LJUkZNpL5+fO0JlVhiiIlC1p0Fz9PZGSUOtp6NvOkJixXvYy8T+vl5jgyku5jBPDJF0sChKBTISy39GQK0aNmFpCqOL2VkTHRBFqbEIlG4K7/PIqaddr7kUNP9Qrjds8jiKcwCmcgwuX0IB7aEILKEzgGV7hzYmdF+fd+Vi0Fpx85hj+wPn8AWBtjkU=</latexit>

2

p0 = 0 in the rest frame of the thermal bath [uµ = (1,0)].
In this case, under the condition of ∂iAi = 0, which is
satisfied by the sphaleron ansatz adopted here, the bilin-
ear Lagrangian (1) is reduced to the local form

L(2)
eff =

1

2
ΠL(A

a
0)

2 −
1

2
ΠT (A

a
i )

2. (3)

Since the sphaleron is the magnetic object as mentioned
above, only ΠT is involved in the equations of motion for
the sphaleron. It is well known that the computation of
ΠT requires a nonperturbative approach [9]. We do not
attempt to do it here and treat it as an input parameter.
We note that the nonabelian gauge invariance requires
hight-order terms in Aµ. In the case of hard thermal
loop approximation in QCD, effective n-point (n ≥ 3)
functions of Aµ would be zero to the leading order and
only ΠL term in Eq. (3) survives in the static limit [10].
In contrast, we are not aware of the counterpart in effec-
tive theories of the magnetic mass.
In contrast to this approach, the second one is man-

ifestly gauge invariant by construction. As discussed in
Ref. [11], one of the gauge-invariant operator with a mass
dimension of two can be constructed by minimizing the
volume integral of Tr[A2

µ] along gauge orbits, i.e.,
∫

d4x A2
min = min

{U}

∫

d4x Tr
[

(AU
µ )

2
]

, (4)

where U is the gauge transformation function, that is,
AU

µ = UAµU−1 + i
g
(∂µU)U−1 with g being gauge cou-

pling. As proven, A2
min can be expressed by an infinite

series of nonlocal and gauge-invariant terms constructed
by the covariant derivative and field strength of Aµ such
as Tr[Fµν(D2)−1Fµν ] [11] (for a dedicated study of Yang-
Mill theories with this nonlocal term, see Ref. [12]). It
is shown that A2

min can be local if ∂µAµ = 0 is satis-
fied [11, 12], which greatly simplifies our calculation as
delineated below.
Sphaleron with the magnetic mass.— Now we work

out the sphaleron energy in the presence of the magnetic
mass in the SM. As demonstrated in Ref. [13], U(1)Y
contribution is rather minor so that we do not include it
in the estimate of the sphaleron energy.
The original ansatz of the sphaleron adopted in Ref. [2]

causes a divergence in the A2
i term in the energy func-

tional of the sphaleron. To avoid this, we perform
a SU(2) gauge transformation as Aµ → V AµV −1 +
i
g (∂µV )V −1 with V being the inverse of U∞ (for the ex-
plicit form of U∞, see Ref. [2]). Furthermore, after a
rigid SU(2) transformation U∞ → ULU∞UR (for UL,R,
see Ref. [2]), the ansatz of Ai is cast into the form

Ai = −
1− f(r)

gr
εijax̂jτ

a, (5)

where εija is the Levi-Civita symbol, x̂j = xj/r with

r =
√

x2
1 + x2

2 + x2
3, τa are the Pauli matrices and

f(r) denotes the profile function. Unlike the original
sphaleron ansatz, Ai is proportional to (1 − f) that is
damped exponentially at r → ∞, and thus the A2

i term
becomes finite. Most importantly, the above ansatz sat-
isfies ∂iAi = 0. Exploiting this property as well as the
A0 = 0 gauge, which is often adopted for finding a static
classical solution, Eq. (4) is reduced to the local form,
thereby the magnetic mass contribution to the energy
function of the sphaleron takes the form

∆Esph =
m2

T

2

∫

d3x Aa
iA

a
i . (6)

Adding this energy shift into the ordinary energy func-
tional of the sphaleron in the SM [2], one arrives at

Esph =
4πv

g

∫ ∞

0
dξ

[

4f ′2 +
8

ξ2
(f − f2)2 +

ξ2

2
h′2

+ (h2 + r2m)(1 − f)2 +
ξ2V0(h)

g2v4

]

,

(7)

where ξ = gvr with v being the VEV of the Higgs
field, V0(h) = λv4(h2 − 1)2/4 and rm = mT /(gv/2) =
mT /mW . From the above energy functional, it follows
that

d2f

dξ2
=

2

ξ2
(f − f2)(1 − 2f)−

1

4
(h2 + r2m)(1 − f), (8)

d2h

dξ2
= −

2

ξ

dh

dξ
+

2

ξ2
h(1 − f)2 +

1

g2v4
∂V0

∂h
, (9)

and the boundary conditions are

lim
ξ→0

f(ξ) = 0, lim
ξ→0

h(ξ) = 0, (10)

lim
ξ→∞

f(ξ) = 1, lim
ξ→∞

h(ξ) = 1. (11)

Since the magnetic mass correction is positive definite,
we expect that the resulting sphaleron would be more
massive than the usual one. Moreover, r2m could exceed
unity unlike the h2 term.
In Fig. 1, a dimensionless sphaleron energy defined by

Esph = Esph(g/4πv) is plotted as a function of rm. We
use the values of mW = 80.4 GeV, mh = 125 GeV and
v = 246 GeV to fix the input parameters. One can see
that Esph increases from 1.92 to 5.68 as rm varies from 0
to 2. This drastic change stands in stark contrast to the
dependence of the Higgs mass on Esph. As first clarified
in Ref. [2], Esph is an increasing function of the Higgs
mass, which would be at most around 2.7 even when the
Higgs mass goes to infinity. The question to be answered
is how large rm could be in a realistic case. As widely
studied, the magnetic mass is given by mT = cg2T with c
being a coefficient that is determined by nonperturbative
methods. For instance, in early studies [6, 7] it is found
in SU(2) gauge-Higgs model that c = 1/(3π) % 0.11 by

m2
L,T = lim

p0=0,p!0
⇧L,T (p

0,p)
<latexit sha1_base64="+qx+exJ+SLO4de/h3uqpOcNIkho="></latexit>

L(2)
e↵ =

1

2
m2
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2
m2
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T

2

∫

d3x Aa
iA

a
i . (6)

Adding this energy shift into the ordinary energy func-
tional of the sphaleron in the SM [2], one arrives at

Esph =
4πv

g

∫ ∞

0
dξ
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4f ′2 +
8

ξ2
(f − f2)2 +

ξ2

2
h′2

+ (h2 + r2m)(1 − f)2 +
ξ2V0(h)

g2v4

]

,

(7)

where ξ = gvr with v being the VEV of the Higgs
field, V0(h) = λv4(h2 − 1)2/4 and rm = mT /(gv/2) =
mT /mW . From the above energy functional, it follows
that

d2f

dξ2
=

2

ξ2
(f − f2)(1 − 2f)−

1

4
(h2 + r2m)(1 − f), (8)

d2h

dξ2
= −
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dh

dξ
+
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ξ2
h(1 − f)2 +

1

g2v4
∂V0

∂h
, (9)

and the boundary conditions are

lim
ξ→0

f(ξ) = 0, lim
ξ→0

h(ξ) = 0, (10)

lim
ξ→∞

f(ξ) = 1, lim
ξ→∞

h(ξ) = 1. (11)

Since the magnetic mass correction is positive definite,
we expect that the resulting sphaleron would be more
massive than the usual one. Moreover, r2m could exceed
unity unlike the h2 term.
In Fig. 1, a dimensionless sphaleron energy defined by

Esph = Esph(g/4πv) is plotted as a function of rm. We
use the values of mW = 80.4 GeV, mh = 125 GeV and
v = 246 GeV to fix the input parameters. One can see
that Esph increases from 1.92 to 5.68 as rm varies from 0
to 2. This drastic change stands in stark contrast to the
dependence of the Higgs mass on Esph. As first clarified
in Ref. [2], Esph is an increasing function of the Higgs
mass, which would be at most around 2.7 even when the
Higgs mass goes to infinity. The question to be answered
is how large rm could be in a realistic case. As widely
studied, the magnetic mass is given by mT = cg2T with c
being a coefficient that is determined by nonperturbative
methods. For instance, in early studies [6, 7] it is found
in SU(2) gauge-Higgs model that c = 1/(3π) % 0.11 by

Magnetic mass corrections to Esph

2

p0 = 0 in the rest frame of the thermal bath [uµ = (1,0)].
In this case, under the condition of ∂iAi = 0, which is
satisfied by the sphaleron ansatz adopted here, the bilin-
ear Lagrangian (1) is reduced to the local form

L(2)
eff =
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ΠL(A
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2 −
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ΠT (A
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2. (3)

Since the sphaleron is the magnetic object as mentioned
above, only ΠT is involved in the equations of motion for
the sphaleron. It is well known that the computation of
ΠT requires a nonperturbative approach [9]. We do not
attempt to do it here and treat it as an input parameter.
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ifestly gauge invariant by construction. As discussed in
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dimension of two can be constructed by minimizing the
volume integral of Tr[A2
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where U is the gauge transformation function, that is,
AU

µ = UAµU−1 + i
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(∂µU)U−1 with g being gauge cou-

pling. As proven, A2
min can be expressed by an infinite

series of nonlocal and gauge-invariant terms constructed
by the covariant derivative and field strength of Aµ such
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Mill theories with this nonlocal term, see Ref. [12]). It
is shown that A2

min can be local if ∂µAµ = 0 is satis-
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delineated below.
Sphaleron with the magnetic mass.— Now we work

out the sphaleron energy in the presence of the magnetic
mass in the SM. As demonstrated in Ref. [13], U(1)Y
contribution is rather minor so that we do not include it
in the estimate of the sphaleron energy.
The original ansatz of the sphaleron adopted in Ref. [2]
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i term in the energy func-
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g (∂µV )V −1 with V being the inverse of U∞ (for the ex-
plicit form of U∞, see Ref. [2]). Furthermore, after a
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f(r) denotes the profile function. Unlike the original
sphaleron ansatz, Ai is proportional to (1 − f) that is
damped exponentially at r → ∞, and thus the A2

i term
becomes finite. Most importantly, the above ansatz sat-
isfies ∂iAi = 0. Exploiting this property as well as the
A0 = 0 gauge, which is often adopted for finding a static
classical solution, Eq. (4) is reduced to the local form,
thereby the magnetic mass contribution to the energy
function of the sphaleron takes the form

∆Esph =
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Adding this energy shift into the ordinary energy func-
tional of the sphaleron in the SM [2], one arrives at
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where ξ = gvr with v being the VEV of the Higgs
field, V0(h) = λv4(h2 − 1)2/4 and rm = mT /(gv/2) =
mT /mW . From the above energy functional, it follows
that
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and the boundary conditions are

lim
ξ→0

f(ξ) = 0, lim
ξ→0

h(ξ) = 0, (10)

lim
ξ→∞

f(ξ) = 1, lim
ξ→∞

h(ξ) = 1. (11)

Since the magnetic mass correction is positive definite,
we expect that the resulting sphaleron would be more
massive than the usual one. Moreover, r2m could exceed
unity unlike the h2 term.
In Fig. 1, a dimensionless sphaleron energy defined by

Esph = Esph(g/4πv) is plotted as a function of rm. We
use the values of mW = 80.4 GeV, mh = 125 GeV and
v = 246 GeV to fix the input parameters. One can see
that Esph increases from 1.92 to 5.68 as rm varies from 0
to 2. This drastic change stands in stark contrast to the
dependence of the Higgs mass on Esph. As first clarified
in Ref. [2], Esph is an increasing function of the Higgs
mass, which would be at most around 2.7 even when the
Higgs mass goes to infinity. The question to be answered
is how large rm could be in a realistic case. As widely
studied, the magnetic mass is given by mT = cg2T with c
being a coefficient that is determined by nonperturbative
methods. For instance, in early studies [6, 7] it is found
in SU(2) gauge-Higgs model that c = 1/(3π) % 0.11 by

Gauge-inv. dim.2 operator

Since the sphaleron ansatz satisfies this condition, one has the same

mass form as the previous case.

It is known that 

Z
d4x A2

min = min
{U}

Z
d4x Tr[(AU

µ )
2] '

Z
d4x


Fµ⌫

1

D2
Fµ⌫ + · · ·

�
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expressed by infinite series of non-
local gauge-inv. terms.

@µA
µ = 0
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[D. Zwanziger, Nucl. Phys. B 345, 461 (1990)]

We regard this as the magnetic mass correction to Esph.
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FIG. 1. The dimensionless sphaleron energy Esph =
Esph(g/4πv) as a function of rm = mT /mW in the SM with-
out U(1)Y contribution. Here, Esph = 1.92 for rm = 0 agrees
with the result of Klinkhamer and Manton [2].

solving a gap equation in the high-T limit. However, this
result turns out to be gauge dependent. Estimates using
the gauge-invariant gap equations provide somewhat big-
ger values: c = 0.28 [14], c = 0.38 [15], and c = 0.35 [16].
On the other hand, a lattice calculation finds even bigger
value c = 0.46 [17] with a caveat [18]. Given the lack
of the convincing estimate, we treat c as the varying pa-
rameter and take the maximal value of c = 0.45 in our
analysis. It should be noted that the degree to which Esph
is enhanced depends not only on the value ofmT but that
of mW (T ) = gv(T )/2 at finite temperature T . Generally,
rm gets bigger for weaker first-order EWPT because of
rm = 2cg(TC/vC). For c = 0.45 and vC/TC = 0.3, one
would get rm ! 2, where g = 0.65 is used. Therefore,
Esph could be three times as large as the case without
the magnetic mass effect.
Now we discuss implications of the enhanced Esph

for EWBG. As alluded above, the baryon and lepton
number-changing process has to shut off in the EW bro-
ken phase, which yields BNPC as [19, 20]

v

T
>

g

4πEsph

[

44.35 + log corrections
]

≡ ζsph. (12)

where the logarithmic corrections come from the fluctua-
tion about the sphaleron such as zero mode factors, which
could be 10% correction in the minimal supersymmetric
SM [20]. Since ζsph is predominantly affected by Esph, we
do not consider the subdominant logarithmic corrections
hereafter. Without large supercooling, T can be set to
a critical temperature TC at which the Higgs potential
has two degenerate minima. As seen from Eq. (12), the
larger Esph lowers ζsph. One can find ζsph = 1.20−0.41 for
Esph obtained in Fig. 1. Therefore, the commonly used

BNPC in the literature, vC/TC > 1, does not always give
the reasonable criterion in the presence of the magnetic
mass. One remark here is that as emphasized in Ref. [20],
Esph(T = TC) tends to be smaller than Esph(T = 0), im-
plying that the above values of ζsph could be underesti-
mated to some extent. We therefore evaluate Esph(TC)
explicitly in the case of 2HDM, which is one of the sim-
plest extended models that accommodates EWBG pos-
sibility.
Application to 2HDM.— Here, we consider a general

2HDM in which an ad hoc Z2 symmetry is not imposed.
For the sake of simplicity, we take an alignment limit in
which sin(β − α) = 1, where α and β are the mixing
angles between two neutral Higgs bosons and two Higgs
VEVs, respectively. In this case, the Higgs couplings to
gauge bosons and fermions are reduced to the SM val-
ues at tree level. In addition, we put another simplifying
assumption that tanβ = 1 and Z2-breaking Higgs quar-
tic couplings are taken zero to first approximation, while
flavor-changing neutral Higgs couplings in the Yukawa
sector are allowed to exist in order to provide CP vio-
lation for baryogenesis [8]. In this setup, the effective
potential at tree-level is SM like. We emphasize here
that the above simplification do not spoil the core of our
discussion, and main findings would not be affected by
it.
Following the resummation method of Rarwani [4],

we construct the resummed Lagrangian as L = (LR −
∆m2(T )Ψ2) + (LCT + ∆m2(T )Ψ2), where LR and LCT

denote the renormalized Lagrangian and corresponding
counterterms, respectively. The thermal mass terms
of the particles in question are collectively denoted as
m2(T )Ψ2 (for explicit forms ofm2(T ), see, e.g., Ref. [21]).
The thermal masses in the first parenthesis are treated as
zeroth-order in the resummed perturbation theory while
those in the second one as the part of the counterterms.
For the magnetic mass, we expand the gauge-invariant
operator

∫

d4xA2
min as

m2
T

∫

d4x A2
min !

m2
T

2

∫

d4x AaµTµνA
aν + · · · , (13)

where the ellipsis denotes higher-order terms in Aµ. We
retain only the quadratic term that is needed for the one-
loop effective potential calculation. Taking the Landau
gauge and regularizing the resummed effective potential
using the MS scheme, one finds

V1(ϕ;T ) =
∑

i

ni

[

m̄4
i

64π2

(

ln
m̄2

i

µ̄2
− ci

)

+
T 4

2π2
IB,F (a

2
i )

]

,

(14)

where m̄i denote the thermally corrected ϕ-dependent
masses of the species of i and a2i = m̄2

i /T
2, with i =

h,H,A,H± (Higgs bosons), G0, G±, (Nambu-Goldstone
(NG) bosons), W±

L,T , ZL,T , γL,T (longitudinal and trans-
verse gauge bosons), and t (top quark), and b (bottom

2

p0 = 0 in the rest frame of the thermal bath [uµ = (1,0)].
In this case, under the condition of ∂iAi = 0, which is
satisfied by the sphaleron ansatz adopted here, the bilin-
ear Lagrangian (1) is reduced to the local form

L(2)
eff =

1

2
ΠL(A

a
0)

2 −
1

2
ΠT (A

a
i )

2. (3)

Since the sphaleron is the magnetic object as mentioned
above, only ΠT is involved in the equations of motion for
the sphaleron. It is well known that the computation of
ΠT requires a nonperturbative approach [9]. We do not
attempt to do it here and treat it as an input parameter.
We note that the nonabelian gauge invariance requires
hight-order terms in Aµ. In the case of hard thermal
loop approximation in QCD, effective n-point (n ≥ 3)
functions of Aµ would be zero to the leading order and
only ΠL term in Eq. (3) survives in the static limit [10].
In contrast, we are not aware of the counterpart in effec-
tive theories of the magnetic mass.
In contrast to this approach, the second one is man-

ifestly gauge invariant by construction. As discussed in
Ref. [11], one of the gauge-invariant operator with a mass
dimension of two can be constructed by minimizing the
volume integral of Tr[A2

µ] along gauge orbits, i.e.,
∫

d4x A2
min = min

{U}

∫

d4x Tr
[

(AU
µ )

2
]

, (4)

where U is the gauge transformation function, that is,
AU

µ = UAµU−1 + i
g
(∂µU)U−1 with g being gauge cou-

pling. As proven, A2
min can be expressed by an infinite

series of nonlocal and gauge-invariant terms constructed
by the covariant derivative and field strength of Aµ such
as Tr[Fµν(D2)−1Fµν ] [11] (for a dedicated study of Yang-
Mill theories with this nonlocal term, see Ref. [12]). It
is shown that A2

min can be local if ∂µAµ = 0 is satis-
fied [11, 12], which greatly simplifies our calculation as
delineated below.
Sphaleron with the magnetic mass.— Now we work

out the sphaleron energy in the presence of the magnetic
mass in the SM. As demonstrated in Ref. [13], U(1)Y
contribution is rather minor so that we do not include it
in the estimate of the sphaleron energy.
The original ansatz of the sphaleron adopted in Ref. [2]

causes a divergence in the A2
i term in the energy func-

tional of the sphaleron. To avoid this, we perform
a SU(2) gauge transformation as Aµ → V AµV −1 +
i
g (∂µV )V −1 with V being the inverse of U∞ (for the ex-
plicit form of U∞, see Ref. [2]). Furthermore, after a
rigid SU(2) transformation U∞ → ULU∞UR (for UL,R,
see Ref. [2]), the ansatz of Ai is cast into the form

Ai = −
1− f(r)

gr
εijax̂jτ

a, (5)

where εija is the Levi-Civita symbol, x̂j = xj/r with

r =
√

x2
1 + x2

2 + x2
3, τa are the Pauli matrices and

f(r) denotes the profile function. Unlike the original
sphaleron ansatz, Ai is proportional to (1 − f) that is
damped exponentially at r → ∞, and thus the A2

i term
becomes finite. Most importantly, the above ansatz sat-
isfies ∂iAi = 0. Exploiting this property as well as the
A0 = 0 gauge, which is often adopted for finding a static
classical solution, Eq. (4) is reduced to the local form,
thereby the magnetic mass contribution to the energy
function of the sphaleron takes the form

∆Esph =
m2

T

2

∫

d3x Aa
iA

a
i . (6)

Adding this energy shift into the ordinary energy func-
tional of the sphaleron in the SM [2], one arrives at

Esph =
4πv

g

∫ ∞

0
dξ

[

4f ′2 +
8

ξ2
(f − f2)2 +

ξ2

2
h′2

+ (h2 + r2m)(1 − f)2 +
ξ2V0(h)

g2v4

]

,

(7)

where ξ = gvr with v being the VEV of the Higgs
field, V0(h) = λv4(h2 − 1)2/4 and rm = mT /(gv/2) =
mT /mW . From the above energy functional, it follows
that

d2f

dξ2
=

2

ξ2
(f − f2)(1 − 2f)−

1

4
(h2 + r2m)(1 − f), (8)

d2h

dξ2
= −

2

ξ

dh

dξ
+

2

ξ2
h(1 − f)2 +

1

g2v4
∂V0

∂h
, (9)

and the boundary conditions are

lim
ξ→0

f(ξ) = 0, lim
ξ→0

h(ξ) = 0, (10)

lim
ξ→∞

f(ξ) = 1, lim
ξ→∞

h(ξ) = 1. (11)

Since the magnetic mass correction is positive definite,
we expect that the resulting sphaleron would be more
massive than the usual one. Moreover, r2m could exceed
unity unlike the h2 term.
In Fig. 1, a dimensionless sphaleron energy defined by

Esph = Esph(g/4πv) is plotted as a function of rm. We
use the values of mW = 80.4 GeV, mh = 125 GeV and
v = 246 GeV to fix the input parameters. One can see
that Esph increases from 1.92 to 5.68 as rm varies from 0
to 2. This drastic change stands in stark contrast to the
dependence of the Higgs mass on Esph. As first clarified
in Ref. [2], Esph is an increasing function of the Higgs
mass, which would be at most around 2.7 even when the
Higgs mass goes to infinity. The question to be answered
is how large rm could be in a realistic case. As widely
studied, the magnetic mass is given by mT = cg2T with c
being a coefficient that is determined by nonperturbative
methods. For instance, in early studies [6, 7] it is found
in SU(2) gauge-Higgs model that c = 1/(3π) % 0.11 by

∼ SM w/o U(1)Y ∼
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where

Sphaleron energy gets larger as mT increases.
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⇠ = gvr, rm =
mT

mW
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2

p0 = 0 in the rest frame of the thermal bath [uµ = (1,0)].
In this case, under the condition of ∂iAi = 0, which is
satisfied by the sphaleron ansatz adopted here, the bilin-
ear Lagrangian (1) is reduced to the local form

L(2)
eff =

1

2
ΠL(A

a
0)

2 −
1

2
ΠT (A

a
i )

2. (3)

Since the sphaleron is the magnetic object as mentioned
above, only ΠT is involved in the equations of motion for
the sphaleron. It is well known that the computation of
ΠT requires a nonperturbative approach [9]. We do not
attempt to do it here and treat it as an input parameter.
We note that the nonabelian gauge invariance requires
hight-order terms in Aµ. In the case of hard thermal
loop approximation in QCD, effective n-point (n ≥ 3)
functions of Aµ would be zero to the leading order and
only ΠL term in Eq. (3) survives in the static limit [10].
In contrast, we are not aware of the counterpart in effec-
tive theories of the magnetic mass.
In contrast to this approach, the second one is man-

ifestly gauge invariant by construction. As discussed in
Ref. [11], one of the gauge-invariant operator with a mass
dimension of two can be constructed by minimizing the
volume integral of Tr[A2

µ] along gauge orbits, i.e.,
∫

d4x A2
min = min

{U}

∫

d4x Tr
[

(AU
µ )

2
]

, (4)

where U is the gauge transformation function, that is,
AU

µ = UAµU−1 + i
g
(∂µU)U−1 with g being gauge cou-

pling. As proven, A2
min can be expressed by an infinite

series of nonlocal and gauge-invariant terms constructed
by the covariant derivative and field strength of Aµ such
as Tr[Fµν(D2)−1Fµν ] [11] (for a dedicated study of Yang-
Mill theories with this nonlocal term, see Ref. [12]). It
is shown that A2

min can be local if ∂µAµ = 0 is satis-
fied [11, 12], which greatly simplifies our calculation as
delineated below.
Sphaleron with the magnetic mass.— Now we work

out the sphaleron energy in the presence of the magnetic
mass in the SM. As demonstrated in Ref. [13], U(1)Y
contribution is rather minor so that we do not include it
in the estimate of the sphaleron energy.
The original ansatz of the sphaleron adopted in Ref. [2]

causes a divergence in the A2
i term in the energy func-

tional of the sphaleron. To avoid this, we perform
a SU(2) gauge transformation as Aµ → V AµV −1 +
i
g (∂µV )V −1 with V being the inverse of U∞ (for the ex-
plicit form of U∞, see Ref. [2]). Furthermore, after a
rigid SU(2) transformation U∞ → ULU∞UR (for UL,R,
see Ref. [2]), the ansatz of Ai is cast into the form

Ai = −
1− f(r)

gr
εijax̂jτ

a, (5)

where εija is the Levi-Civita symbol, x̂j = xj/r with

r =
√

x2
1 + x2

2 + x2
3, τa are the Pauli matrices and

f(r) denotes the profile function. Unlike the original
sphaleron ansatz, Ai is proportional to (1 − f) that is
damped exponentially at r → ∞, and thus the A2

i term
becomes finite. Most importantly, the above ansatz sat-
isfies ∂iAi = 0. Exploiting this property as well as the
A0 = 0 gauge, which is often adopted for finding a static
classical solution, Eq. (4) is reduced to the local form,
thereby the magnetic mass contribution to the energy
function of the sphaleron takes the form

∆Esph =
m2

T

2

∫

d3x Aa
iA

a
i . (6)

Adding this energy shift into the ordinary energy func-
tional of the sphaleron in the SM [2], one arrives at

Esph =
4πv

g

∫ ∞

0
dξ

[

4f ′2 +
8

ξ2
(f − f2)2 +

ξ2

2
h′2

+ (h2 + r2m)(1 − f)2 +
ξ2V0(h)

g2v4

]

,

(7)

where ξ = gvr with v being the VEV of the Higgs
field, V0(h) = λv4(h2 − 1)2/4 and rm = mT /(gv/2) =
mT /mW . From the above energy functional, it follows
that

d2f

dξ2
=

2

ξ2
(f − f2)(1 − 2f)−

1

4
(h2 + r2m)(1 − f), (8)

d2h

dξ2
= −

2

ξ

dh

dξ
+

2

ξ2
h(1 − f)2 +

1

g2v4
∂V0

∂h
, (9)

and the boundary conditions are

lim
ξ→0

f(ξ) = 0, lim
ξ→0

h(ξ) = 0, (10)

lim
ξ→∞

f(ξ) = 1, lim
ξ→∞

h(ξ) = 1. (11)

Since the magnetic mass correction is positive definite,
we expect that the resulting sphaleron would be more
massive than the usual one. Moreover, r2m could exceed
unity unlike the h2 term.
In Fig. 1, a dimensionless sphaleron energy defined by

Esph = Esph(g/4πv) is plotted as a function of rm. We
use the values of mW = 80.4 GeV, mh = 125 GeV and
v = 246 GeV to fix the input parameters. One can see
that Esph increases from 1.92 to 5.68 as rm varies from 0
to 2. This drastic change stands in stark contrast to the
dependence of the Higgs mass on Esph. As first clarified
in Ref. [2], Esph is an increasing function of the Higgs
mass, which would be at most around 2.7 even when the
Higgs mass goes to infinity. The question to be answered
is how large rm could be in a realistic case. As widely
studied, the magnetic mass is given by mT = cg2T with c
being a coefficient that is determined by nonperturbative
methods. For instance, in early studies [6, 7] it is found
in SU(2) gauge-Higgs model that c = 1/(3π) % 0.11 by

d2f

d⇠2
=

2

⇠2
(f � f2)(1� 2f)� 1

4
(h2 + r2m)(1� f),

d2h

d⇠2
= �2

⇠

dh

d⇠
+

2

⇠2
h(1� f)2 +

1

g2v4
@V0

@h
,
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Particle content: SM + Φ2 2nd Higgs doublet

LY = q̄L(Y
(d)
1 �1 + Y (d)

2 �2)dR + q̄L(Y
(u)
1 �̃1 + Y (u)

2 �̃2)uR

+ l̄L(Y
(e)
1 �1 + Y (e)

2 �2)eR + h.c.
Yukawa int.

�̃1,2 = i⌧2�⇤
1,2

Higgs potential:

Assumption: CP is NOT violated by the Higgs potential and VEVs.

inputs:

General 2 Higgs doublet model (g2HDM)

w/o any symmetry, e.g. Z2

v = 246 GeV, mh = 125 GeV.
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where i = L, T and M̄2
V is obtained by dropping the thermal corrections.

The gauge bosons contribution to the effective potential is

µεV1(ϕ) = −
i

2
µε

∫

dDk

(2π)D
ln det

[

(DV
µν)

−1
]

. (F.16)

Noting that Tr(Lµν) = 1, Tr(Tµν) = D − 2 and Tr(Gµν) = 1 and those tensors live in different
subspaces and after diagonalizing M̄2

Vi
and M̄2

V , one gets

µεV1(ϕ) = −
i

2

∑

V=W,Z,γ

µε

∫

dDk

(2π)D

[

ln(−k2 + m̄2
VL
) + (D − 2) ln(−k2 + m̄2

VT
)

+ ln(−k2 + ξm̄2
V )− ln ξ

]

. (F.17)

The last two terms are irrelevant when working in the Landau gauge ξ = 0. Regularizing V1(ϕ)
using MS-scheme and putting all the contributions together, one arrives at

V1(ϕ;T ) =
∑

i=h,H,A,H±,G0,G±

W±

L,T ,ZL,T ,γL,T ,t,b

ni

[

m̄4
i

64π2

(

ln
m̄2

i

µ̄2
− ci

)

+
T 4

2π2
IB,F

(

m̄2
i

T 2

)]

, (F.18)

where µ̄2 = 4πe−γEµ2 and

nh = nH = nA = nG0 = 1, nH± = nG± = 2, nWL
= 2 · 1 = 2, nWT

= 2 · 2 = 4, (F.19)

nZL
= 1, nZT

= 2, nγL
= 1, nγT

= 2, nt = nb = −4NC . (F.20)

and

ch = cH = cA = cG0 = cH± = cG± = cWL
= cZL

= cγL = ct = cb =
3

2
, (F.21)

cWT
= cZT

= cγT =
1

2
, (F.22)

For the scalars, one finds

m̄2
h =

1

2
m2

h

(

3ϕ2

v2
− 1

)

+ ΣΦ(T ), (F.23)

m̄2
H =

[

m2
H +

1

2
m2

h − 2m2
3

]

ϕ2

v2
−

1

2
m2

h + 2m2
3 + ΣΦ(T ), (F.24)

m̄2
A =

[

m2
A +

1

2
m2

h − 2m2
3

]

ϕ2

v2
−

1

2
m2

h + 2m2
3 + ΣΦ(T ), (F.25)

m̄2
H± =

[

m2
H± +

1

2
m2

h − 2m2
3

]

ϕ2

v2
−

1

2
m2

h + 2m2
3 + ΣΦ(T ), (F.26)

m̄2
G0 = m̄2

G± =
1

2
m2

h

(

ϕ2

v2
− 1

)

+ ΣΦ(T ), (F.27)

where

ΣΦ(T ) =
1

12v2

[

6m2
W + 3m2

Z + 5m2
h +m2

H +m2
A + 2m2

H± − 8m2
3

]

T 2. (F.28)
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EW Phase Transition (EWPT)

The effective potential at the tree-level is

V0(ϕ) = −
µ2

2
ϕ2 +

λeff

4
ϕ4, (F.6)

where

µ2 = −m2 +m2
3, λeff =

1

4
(λ+ λ3 + λ4 + λ5) ≡

1

4
(λ+ λ345). (F.7)

Now we derive the resummed one-loop effective potential at finite temperature. Adopting the
Rξ gauge, one finds

L(2)
eff =

1

2
Aaµ(x)δab

[

(∂2 +m2
AL)Lµν + (∂2 +m2

AT )Tµν +
1

ξ
(∂2 + ξm2

A)Gµν

]

Abν(x)

+
1

2
Bµ(x)

[

(∂2 +m2
BL)Lµν + (∂2 +m2

BT )Tµν +
1

ξ
(∂2 + ξm2

B)Gµν

]

Bν(x)

+
1

2
m2

ABA
aµ(x)δa3

[

Lµν + Tµν +Gµν

]

Bν(x). (F.8)

where gµν = Lµν + Tµν + Gµν , m2
A = g22v

2/4, m2
B = g21v

2/4 and m2
AB = −g2g1v2/2, m2

VL
=

m2
V + ΠV

L and m2
VT

= m2
V + ΠV

T , V = A,B. From this Lagrangian, the inverse gauge boson
propagator in the momentum space are given by

(DV
µν(k))

−1 =

(

(DA,ab
µν (k))−1 (DAB,a

µν (k))−1

(DAB,a
µν (k))−1 (DB

µν(k))
−1

)

, (F.9)

where

(DA,ab
µν (k))−1 = δab

[

(−k2 + m̄2
AL)Lµν + (−k2 + m̄2

AT )Tµν +
1

ξ
(−k2 + ξm̄2

A)Gµν

]

, (F.10)

(DB
µν(k))

−1 = (−k2 + m̄2
BL)Lµν + (−k2 + m̄2

BT )Tµν +
1

ξ
(−k2 + ξm̄2

B)Gµν , (F.11)

(DAB,a
µν (k))−1 = m̄2

ABδ
a3
[

Lµν + Tµν +Gµν

]

, (F.12)

where m̄2
i are the squared field-dependent masses. Let us rewrite Eq. (F.9) as

(DV
µν(k))

−1 = (−k2 + M̄2
VL
)Lµν + (−k2 + M̄2

VT
)Tµν +

(

−
k2

ξ
+ M̄2

V

)

Gµν , (F.13)

where the mass matrices take the form

M̄2
Vi
=

(

m̄2
Ai m̄2

AB

m̄2
AB m̄2

Bi

)

i = L, T, M̄2
V =

(

m̄2
A m̄2

AB

m̄2
AB m̄2

B

)

, (F.14)

in the basis (A1
µ, A

2
µ, A

3
µ, Bµ). More explicitly,

M̄2
Vi
=









g22ϕ
2/4 + ΠA

i (T ) 0 0 0
0 g22ϕ

2/4 + ΠA
i (T ) 0 0

0 0 g22ϕ
2/4 + ΠA

i (T ) −g2g1ϕ2/4
0 0 −g2g1ϕ2/4 g21ϕ

2/4 + ΠB
i (T )









, (F.15)
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where i = L, T and M̄2
V is obtained by dropping the thermal corrections.

The gauge bosons contribution to the effective potential is

µεV1(ϕ) = −
i

2
µε

∫

dDk

(2π)D
ln det

[

(DV
µν)

−1
]

. (F.16)

Noting that Tr(Lµν) = 1, Tr(Tµν) = D − 2 and Tr(Gµν) = 1 and those tensors live in different
subspaces and after diagonalizing M̄2

Vi
and M̄2

V , one gets

µεV1(ϕ) = −
i

2

∑

V=W,Z,γ

µε

∫

dDk

(2π)D

[

ln(−k2 + m̄2
VL
) + (D − 2) ln(−k2 + m̄2

VT
)

+ ln(−k2 + ξm̄2
V )− ln ξ

]

. (F.17)

The last two terms are irrelevant when working in the Landau gauge ξ = 0. Regularizing V1(ϕ)
using MS-scheme and putting all the contributions together, one arrives at

V1(ϕ;T ) =
∑

i=h,H,A,H±,G0,G±

W±

L,T ,ZL,T ,γL,T ,t,b

ni

[

m̄4
i

64π2

(

ln
m̄2

i

µ̄2
− ci

)

+
T 4

2π2
IB,F

(

m̄2
i

T 2

)]

, (F.18)

where µ̄2 = 4πe−γEµ2 and

nh = nH = nA = nG0 = 1, nH± = nG± = 2, nWL
= 2 · 1 = 2, nWT

= 2 · 2 = 4, (F.19)

nZL
= 1, nZT

= 2, nγL
= 1, nγT

= 2, nt = nb = −4NC . (F.20)

and

ch = cH = cA = cG0 = cH± = cG± = cWL
= cZL

= cγL = ct = cb =
3

2
, (F.21)

cWT
= cZT

= cγT =
1

2
. (F.22)

The thermal functions IB,F are defined as

IB,F (a
2) =

∫ ∞

0

dx x2 log
(

1∓ e−
√
x2+a2

)

, a2 = m2/T 2. (F.23)

For the scalars, one finds

m̄2
h =

1

2
m2

h

(

3ϕ2

v2
− 1

)

+ ΣΦ(T ), (F.24)

m̄2
H =

[

m2
H +

1

2
m2

h − 2m2
3

]

ϕ2

v2
−

1

2
m2

h + 2m2
3 + ΣΦ(T ), (F.25)

m̄2
A =

[

m2
A +

1

2
m2

h − 2m2
3

]

ϕ2

v2
−

1

2
m2

h + 2m2
3 + ΣΦ(T ), (F.26)

m̄2
H± =

[

m2
H± +

1

2
m2

h − 2m2
3

]

ϕ2

v2
−

1

2
m2

h + 2m2
3 + ΣΦ(T ), (F.27)
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EWPT is studied in the SM-like limit.

Using this potential, we evaluate vC/TC(≡RC) and ζsph(TC).

sin(� � ↵) = tan� = 1
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with

m̄2
i are the thermally-corrected field dependent masses.
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Ve↵(';T ) = V0(') + V1(';T ),
<latexit sha1_base64="9UXTksdL7SCO+ci33vNj6y8dvtU=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0VoUUpiBQURim5cVmjTQhPCZDpph04ezEwKJfRD3Pgrblwo4saF4N84bSPU1gMXzpxzL3Pv8WJGhTSMby23srq2vpHfLGxt7+zu6fsHlogSjkkTRyzibQ8JwmhImpJKRtoxJyjwGGl5g7uJ3xoSLmgUNuQoJk6AeiH1KUZSSa5etdzU5gEkvj8u2UPE4z69bpRvLNf4fZZPLdec885cvWhUjCngMjEzUgQZ6q7+aXcjnAQklJghITqmEUsnRVxSzMi4YCeCxAgPUI90FA1RQISTTo8bwxOldKEfcVWhhFN1fiJFgRCjwFOdAZJ9sehNxP+8TiL9KyelYZxIEuLZR37CoIzgJCnYpZxgyUaKIMyp2hXiPuIIS5VnQYVgLp68TKzzilmtGA8XxdptFkceHIFjUAImuAQ1cA/qoAkweATP4BW8aU/ai/aufcxac1o2cwj+QPv6Af3ioAY=</latexit>

where

(Parwani scheme)



4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

450 460 470 480 490 500

PSfrag replacements

mΦ [GeV]

ζc=0.0
sph Rc=0.0

C

ζc=0.3
sph Rc=0.3

C

ζc=0.45
sph Rc=0.45

C

FIG. 2. RC = vC/TC and ζsph as functions of mΦ with c =
0.0, 0.3 and 0.45, where mΦ = mH = mA = mH± . We take
sin(β − α) = tan β = 1 and M = 300 GeV. The magnetic
mass is parametrized as mT = cg2T .

quark), respectively. µ̄ is a scale determined by renormal-
ization conditions described below. ni are the degrees of
freedom and their signs are determined by statistics of
the particles, and ci are 3/2 for the scalars, longitudinal
gauge bosons and fermions while 1/2 for the transverse
gauge bosons. IB,F (a2) are the one-loop thermal func-
tions for bosons and fermions, which are, respectively,

given by IB,F (a2) =
∫∞
0 dx x2 ln

[

1 ∓ exp[−
√
x2 + a2]

]

.

Their numerical evaluations are made using fitting func-
tions described in Ref. [20].
For the renormalization of the vacuum and the mass

of the SM-like Higgs (h) at one-loop level, we employ a
scheme in which the tree-level relations are not altered
by the one-loop contributions [22]. A thorny problem
in this scheme is that the massless NG bosons cause an
infrared divergence that calls for resummation of higher-
order corrections [23]. It is demonstrated in Ref. [24]
that such a NG resummation has little effect on EWPT
so that we do not take the NG bosons into account in
our numerical study. Moreover, we do not include the
SM-like Higgs boson loop contribution either since its
treatment is somewhat technical in the case of m̄2

h < 0
despite its numerical impact is rather minor. With that
in mind, we calculate vC/TC ≡ RC using Eq. (14) plus
the tree-level Higgs potential. Likewise, Esph is evaluated
by using the same resummed effective potential at TC .
For illustration, we consider a case in which all the

heavy Higgs boson masses are degenerate in masses,
mΦ ≡ mH = mA = mH± , and M3 = m2

3/(sinβ cosβ) =
(300 GeV)2 with m2

3 being the squared mixing mass be-
tween the two Higgs doublets in a generic basis where
the both Higgs doublets develop the VEVs.

In Fig. 2, RC ≡ vC/TC and ζsph are shown as func-
tions of mΦ varying from 450 GeV to 500 GeV. The solid
curves represent RC in the cases of c = 0.0 (red), 0.3
(blue), and 0.45 (black). In any case, RC gets enhanced
when mΦ is considerably bigger than M , which is due to
the fact that thermal loops of the heavy Higgs bosons en-
hance the potential barrier. The differences among the
three cases become more pronounced in the lower RC

region, where the gauge boson thermal loops are main
contributor to the potential barrier and thus the screen-
ing effect by the magnetic mass is more influential. The
three dashed curves display ζsph for c = 0.0, 0.3, 0.45 with
the same color scheme as RC . Without the magnetic
mass effect, it is found that ζsph = 1.38 − 1.32 in which
Esph(TC) = 1.67−1.75, which is smaller than Esph = 1.92
found in the case of the SM at T = 0 discussed above.
The nonzero magnetic mass cases show more dramatic
effects on ζsph compared to RC , which is attributed to
the substantial enhancement of Esph as expected from the
analysis in the SM. As is the case of RC , the magnetic
mass effect on ζsph gets more pronounced in the lowerRC

region and its change is even more drastic, which is due
to the enhancement of rm = 2cg/(πRC). For c = 0.45
and mΦ = 450 GeV, it is found that rm = 2.1. From the
EWBG point of view, the regions of RC > ζsph(TC) is
relevant, which is satisfied if mΦ ! 493 GeV for c = 0.0,
mΦ ! 486 GeV for c = 0.3, and mΦ ! 476 GeV for
c = 0.45, expanding the domain of the EWBG-possible
regions.

Conclusion.— Our analysis has unveiled that the
sphaleron energy can get increased considerably for the
nonzero magnetic mass, which relaxes BNPC and broad-
ens the parameter space for successful EWBG. The find-
ings here would apply for any other new physics models
as long as the gauge sector is common to the SM.
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quark), respectively. µ̄ is a scale determined by renormal-
ization conditions described below. ni are the degrees of
freedom and their signs are determined by statistics of
the particles, and ci are 3/2 for the scalars, longitudinal
gauge bosons and fermions while 1/2 for the transverse
gauge bosons. IB,F (a2) are the one-loop thermal func-
tions for bosons and fermions, which are, respectively,

given by IB,F (a2) =
∫∞
0 dx x2 ln

[

1 ∓ exp[−
√
x2 + a2]

]

.

Their numerical evaluations are made using fitting func-
tions described in Ref. [20].
For the renormalization of the vacuum and the mass

of the SM-like Higgs (h) at one-loop level, we employ a
scheme in which the tree-level relations are not altered
by the one-loop contributions [22]. A thorny problem
in this scheme is that the massless NG bosons cause an
infrared divergence that calls for resummation of higher-
order corrections [23]. It is demonstrated in Ref. [24]
that such a NG resummation has little effect on EWPT
so that we do not take the NG bosons into account in
our numerical study. Moreover, we do not include the
SM-like Higgs boson loop contribution either since its
treatment is somewhat technical in the case of m̄2

h < 0
despite its numerical impact is rather minor. With that
in mind, we calculate vC/TC ≡ RC using Eq. (14) plus
the tree-level Higgs potential. Likewise, Esph is evaluated
by using the same resummed effective potential at TC .
For illustration, we consider a case in which all the

heavy Higgs boson masses are degenerate in masses,
mΦ ≡ mH = mA = mH± , and M3 = m2

3/(sinβ cosβ) =
(300 GeV)2 with m2

3 being the squared mixing mass be-
tween the two Higgs doublets in a generic basis where
the both Higgs doublets develop the VEVs.

In Fig. 2, RC ≡ vC/TC and ζsph are shown as func-
tions of mΦ varying from 450 GeV to 500 GeV. The solid
curves represent RC in the cases of c = 0.0 (red), 0.3
(blue), and 0.45 (black). In any case, RC gets enhanced
when mΦ is considerably bigger than M , which is due to
the fact that thermal loops of the heavy Higgs bosons en-
hance the potential barrier. The differences among the
three cases become more pronounced in the lower RC

region, where the gauge boson thermal loops are main
contributor to the potential barrier and thus the screen-
ing effect by the magnetic mass is more influential. The
three dashed curves display ζsph for c = 0.0, 0.3, 0.45 with
the same color scheme as RC . Without the magnetic
mass effect, it is found that ζsph = 1.38 − 1.32 in which
Esph(TC) = 1.67−1.75, which is smaller than Esph = 1.92
found in the case of the SM at T = 0 discussed above.
The nonzero magnetic mass cases show more dramatic
effects on ζsph compared to RC , which is attributed to
the substantial enhancement of Esph as expected from the
analysis in the SM. As is the case of RC , the magnetic
mass effect on ζsph gets more pronounced in the lowerRC

region and its change is even more drastic, which is due
to the enhancement of rm = 2cg/(πRC). For c = 0.45
and mΦ = 450 GeV, it is found that rm = 2.1. From the
EWBG point of view, the regions of RC > ζsph(TC) is
relevant, which is satisfied if mΦ ! 493 GeV for c = 0.0,
mΦ ! 486 GeV for c = 0.3, and mΦ ! 476 GeV for
c = 0.45, expanding the domain of the EWBG-possible
regions.

Conclusion.— Our analysis has unveiled that the
sphaleron energy can get increased considerably for the
nonzero magnetic mass, which relaxes BNPC and broad-
ens the parameter space for successful EWBG. The find-
ings here would apply for any other new physics models
as long as the gauge sector is common to the SM.
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quark), respectively. µ̄ is a scale determined by renormal-
ization conditions described below. ni are the degrees of
freedom and their signs are determined by statistics of
the particles, and ci are 3/2 for the scalars, longitudinal
gauge bosons and fermions while 1/2 for the transverse
gauge bosons. IB,F (a2) are the one-loop thermal func-
tions for bosons and fermions, which are, respectively,

given by IB,F (a2) =
∫∞
0 dx x2 ln

[

1 ∓ exp[−
√
x2 + a2]

]

.

Their numerical evaluations are made using fitting func-
tions described in Ref. [20].
For the renormalization of the vacuum and the mass

of the SM-like Higgs (h) at one-loop level, we employ a
scheme in which the tree-level relations are not altered
by the one-loop contributions [22]. A thorny problem
in this scheme is that the massless NG bosons cause an
infrared divergence that calls for resummation of higher-
order corrections [23]. It is demonstrated in Ref. [24]
that such a NG resummation has little effect on EWPT
so that we do not take the NG bosons into account in
our numerical study. Moreover, we do not include the
SM-like Higgs boson loop contribution either since its
treatment is somewhat technical in the case of m̄2

h < 0
despite its numerical impact is rather minor. With that
in mind, we calculate vC/TC ≡ RC using Eq. (14) plus
the tree-level Higgs potential. Likewise, Esph is evaluated
by using the same resummed effective potential at TC .
For illustration, we consider a case in which all the

heavy Higgs boson masses are degenerate in masses,
mΦ ≡ mH = mA = mH± , and M3 = m2

3/(sinβ cosβ) =
(300 GeV)2 with m2

3 being the squared mixing mass be-
tween the two Higgs doublets in a generic basis where
the both Higgs doublets develop the VEVs.

In Fig. 2, RC ≡ vC/TC and ζsph are shown as func-
tions of mΦ varying from 450 GeV to 500 GeV. The solid
curves represent RC in the cases of c = 0.0 (red), 0.3
(blue), and 0.45 (black). In any case, RC gets enhanced
when mΦ is considerably bigger than M , which is due to
the fact that thermal loops of the heavy Higgs bosons en-
hance the potential barrier. The differences among the
three cases become more pronounced in the lower RC

region, where the gauge boson thermal loops are main
contributor to the potential barrier and thus the screen-
ing effect by the magnetic mass is more influential. The
three dashed curves display ζsph for c = 0.0, 0.3, 0.45 with
the same color scheme as RC . Without the magnetic
mass effect, it is found that ζsph = 1.38 − 1.32 in which
Esph(TC) = 1.67−1.75, which is smaller than Esph = 1.92
found in the case of the SM at T = 0 discussed above.
The nonzero magnetic mass cases show more dramatic
effects on ζsph compared to RC , which is attributed to
the substantial enhancement of Esph as expected from the
analysis in the SM. As is the case of RC , the magnetic
mass effect on ζsph gets more pronounced in the lowerRC

region and its change is even more drastic, which is due
to the enhancement of rm = 2cg/(πRC). For c = 0.45
and mΦ = 450 GeV, it is found that rm = 2.1. From the
EWBG point of view, the regions of RC > ζsph(TC) is
relevant, which is satisfied if mΦ ! 493 GeV for c = 0.0,
mΦ ! 486 GeV for c = 0.3, and mΦ ! 476 GeV for
c = 0.45, expanding the domain of the EWBG-possible
regions.

Conclusion.— Our analysis has unveiled that the
sphaleron energy can get increased considerably for the
nonzero magnetic mass, which relaxes BNPC and broad-
ens the parameter space for successful EWBG. The find-
ings here would apply for any other new physics models
as long as the gauge sector is common to the SM.
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quark), respectively. µ̄ is a scale determined by renormal-
ization conditions described below. ni are the degrees of
freedom and their signs are determined by statistics of
the particles, and ci are 3/2 for the scalars, longitudinal
gauge bosons and fermions while 1/2 for the transverse
gauge bosons. IB,F (a2) are the one-loop thermal func-
tions for bosons and fermions, which are, respectively,

given by IB,F (a2) =
∫∞
0 dx x2 ln

[

1 ∓ exp[−
√
x2 + a2]

]

.

Their numerical evaluations are made using fitting func-
tions described in Ref. [20].
For the renormalization of the vacuum and the mass

of the SM-like Higgs (h) at one-loop level, we employ a
scheme in which the tree-level relations are not altered
by the one-loop contributions [22]. A thorny problem
in this scheme is that the massless NG bosons cause an
infrared divergence that calls for resummation of higher-
order corrections [23]. It is demonstrated in Ref. [24]
that such a NG resummation has little effect on EWPT
so that we do not take the NG bosons into account in
our numerical study. Moreover, we do not include the
SM-like Higgs boson loop contribution either since its
treatment is somewhat technical in the case of m̄2

h < 0
despite its numerical impact is rather minor. With that
in mind, we calculate vC/TC ≡ RC using Eq. (14) plus
the tree-level Higgs potential. Likewise, Esph is evaluated
by using the same resummed effective potential at TC .
For illustration, we consider a case in which all the

heavy Higgs boson masses are degenerate in masses,
mΦ ≡ mH = mA = mH± , and M3 = m2

3/(sinβ cosβ) =
(300 GeV)2 with m2

3 being the squared mixing mass be-
tween the two Higgs doublets in a generic basis where
the both Higgs doublets develop the VEVs.

In Fig. 2, RC ≡ vC/TC and ζsph are shown as func-
tions of mΦ varying from 450 GeV to 500 GeV. The solid
curves represent RC in the cases of c = 0.0 (red), 0.3
(blue), and 0.45 (black). In any case, RC gets enhanced
when mΦ is considerably bigger than M , which is due to
the fact that thermal loops of the heavy Higgs bosons en-
hance the potential barrier. The differences among the
three cases become more pronounced in the lower RC

region, where the gauge boson thermal loops are main
contributor to the potential barrier and thus the screen-
ing effect by the magnetic mass is more influential. The
three dashed curves display ζsph for c = 0.0, 0.3, 0.45 with
the same color scheme as RC . Without the magnetic
mass effect, it is found that ζsph = 1.38 − 1.32 in which
Esph(TC) = 1.67−1.75, which is smaller than Esph = 1.92
found in the case of the SM at T = 0 discussed above.
The nonzero magnetic mass cases show more dramatic
effects on ζsph compared to RC , which is attributed to
the substantial enhancement of Esph as expected from the
analysis in the SM. As is the case of RC , the magnetic
mass effect on ζsph gets more pronounced in the lowerRC

region and its change is even more drastic, which is due
to the enhancement of rm = 2cg/(πRC). For c = 0.45
and mΦ = 450 GeV, it is found that rm = 2.1. From the
EWBG point of view, the regions of RC > ζsph(TC) is
relevant, which is satisfied if mΦ ! 493 GeV for c = 0.0,
mΦ ! 486 GeV for c = 0.3, and mΦ ! 476 GeV for
c = 0.45, expanding the domain of the EWBG-possible
regions.

Conclusion.— Our analysis has unveiled that the
sphaleron energy can get increased considerably for the
nonzero magnetic mass, which relaxes BNPC and broad-
ens the parameter space for successful EWBG. The find-
ings here would apply for any other new physics models
as long as the gauge sector is common to the SM.
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FIG. 2. RC = vC/TC and ζsph as functions of mΦ with c =
0.0, 0.3 and 0.45, where mΦ = mH = mA = mH± . We take
sin(β − α) = tan β = 1 and M = 300 GeV. The magnetic
mass is parametrized as mT = cg2T .

quark), respectively. µ̄ is a scale determined by renormal-
ization conditions described below. ni are the degrees of
freedom and their signs are determined by statistics of
the particles, and ci are 3/2 for the scalars, longitudinal
gauge bosons and fermions while 1/2 for the transverse
gauge bosons. IB,F (a2) are the one-loop thermal func-
tions for bosons and fermions, which are, respectively,

given by IB,F (a2) =
∫∞
0 dx x2 ln

[

1 ∓ exp[−
√
x2 + a2]

]

.

Their numerical evaluations are made using fitting func-
tions described in Ref. [20].
For the renormalization of the vacuum and the mass

of the SM-like Higgs (h) at one-loop level, we employ a
scheme in which the tree-level relations are not altered
by the one-loop contributions [22]. A thorny problem
in this scheme is that the massless NG bosons cause an
infrared divergence that calls for resummation of higher-
order corrections [23]. It is demonstrated in Ref. [24]
that such a NG resummation has little effect on EWPT
so that we do not take the NG bosons into account in
our numerical study. Moreover, we do not include the
SM-like Higgs boson loop contribution either since its
treatment is somewhat technical in the case of m̄2

h < 0
despite its numerical impact is rather minor. With that
in mind, we calculate vC/TC ≡ RC using Eq. (14) plus
the tree-level Higgs potential. Likewise, Esph is evaluated
by using the same resummed effective potential at TC .
For illustration, we consider a case in which all the

heavy Higgs boson masses are degenerate in masses,
mΦ ≡ mH = mA = mH± , and M3 = m2

3/(sinβ cosβ) =
(300 GeV)2 with m2

3 being the squared mixing mass be-
tween the two Higgs doublets in a generic basis where
the both Higgs doublets develop the VEVs.

In Fig. 2, RC ≡ vC/TC and ζsph are shown as func-
tions of mΦ varying from 450 GeV to 500 GeV. The solid
curves represent RC in the cases of c = 0.0 (red), 0.3
(blue), and 0.45 (black). In any case, RC gets enhanced
when mΦ is considerably bigger than M , which is due to
the fact that thermal loops of the heavy Higgs bosons en-
hance the potential barrier. The differences among the
three cases become more pronounced in the lower RC

region, where the gauge boson thermal loops are main
contributor to the potential barrier and thus the screen-
ing effect by the magnetic mass is more influential. The
three dashed curves display ζsph for c = 0.0, 0.3, 0.45 with
the same color scheme as RC . Without the magnetic
mass effect, it is found that ζsph = 1.38 − 1.32 in which
Esph(TC) = 1.67−1.75, which is smaller than Esph = 1.92
found in the case of the SM at T = 0 discussed above.
The nonzero magnetic mass cases show more dramatic
effects on ζsph compared to RC , which is attributed to
the substantial enhancement of Esph as expected from the
analysis in the SM. As is the case of RC , the magnetic
mass effect on ζsph gets more pronounced in the lowerRC

region and its change is even more drastic, which is due
to the enhancement of rm = 2cg/(πRC). For c = 0.45
and mΦ = 450 GeV, it is found that rm = 2.1. From the
EWBG point of view, the regions of RC > ζsph(TC) is
relevant, which is satisfied if mΦ ! 493 GeV for c = 0.0,
mΦ ! 486 GeV for c = 0.3, and mΦ ! 476 GeV for
c = 0.45, expanding the domain of the EWBG-possible
regions.

Conclusion.— Our analysis has unveiled that the
sphaleron energy can get increased considerably for the
nonzero magnetic mass, which relaxes BNPC and broad-
ens the parameter space for successful EWBG. The find-
ings here would apply for any other new physics models
as long as the gauge sector is common to the SM.
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vC/TC>ζsph(TC) region
vC/TC>ζC -> Γsph<H

sphaleron decoupling region can be expanded due to the magnetic mass 
effect. 

mT = cg2T
c=0.0c=0.3c=0.45

m� ⌘ mH = mA = mH±
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ūiL⇢ij ūjRA+ h.c.

<latexit sha1_base64="MFVQE5wha4LrSGfL8EbVJxn94ic="></latexit>

- EWBG driven by ρtt (t-EWBG) K. Fuyuto, W.S. Hou, E.S., 1705.05034 [PLB]



Yukawa interactions in g2HDM
Up-type Yukawa couplings:

- ρij  are generally complex. ρij  ∈ ℂ ⇒ CPV ⇒ Baryogenesis!! 

In the mass eigenbasis 
�̃1,2 = i⌧2�⇤

1,2

�LY = ūiL


�i�ijp

2
s��↵ +

⇢ijp
2
c��↵

�
ujRh

+ ūiL
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+ ūiL


�i�ijp

2
c��↵ � ⇢ijp

2
s��↵

�
ujRH � ip

2
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nleft is generated by scatterings btw particles and bubbles.

Diffusion eq. for nB:

diffusion const. wall velocity back reaction sph. rate

z̄ < 0: sym-phase, z̄ > 0: br-phase
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0
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EWBG-related CP violation
for a review, see A. Riotto, hep-ph/9807454

Im part
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j = c, t

loop function

e.g. g2HDM

nleft / StL
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Ramdom scan

- Leading effect on YB: 

ρtt

- Yukawa couplings (Y1,2) 
are randomly scanned. 

- Subleading effect: 

ρtc 
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B = 120α5

W T Γss = 16α4
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TABLE I. Input parameters for the YB calculation, where αW and αs are the weak and strong couplings, respectively.
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FIG. 2. Impact of ρtt and ρtc on YB , where the phases φtt and
φtc are scanned over 0 to 2π, with other parameters randomly
chosen (see text for details). The purple (green) points are
for 0.1 ≤ |ρtc| ≤ 0.5 (0.5 ≤ |ρtc| ≤ 1.0).

As 1/Γ induced by the Yukawa interactions and the
strong sphaleron are smaller than a typical diffusion time
scale of the particles under consideration, the above cou-
pled equations are reduced to a single differential equa-
tion with respect to nH [23]. For estimating BAU, we
adopt the diffusion constants and thermal widths of left-
and right-handed fermions given in Ref. [24]. As dis-
cussed above, the EWPT has to be strongly first order.
In the current investigation, we use TC = 119.2 GeV and
vC = 176.7 GeV, which are calculated by using finite-
temperature one-loop effective potential with thermal re-
summation [19], taking mH = mA = mH± = 500 GeV,
M ≡ m3/

√
sβcβ = 300 GeV, cβ−α = 0.1 and tβ = 1,

where m3 is a mixing mass parameter between the two
Higgs doublets Φ1,2. The chosen parameter set together
with ρtt specified below are consistent with direct search
bounds of the heavy Higgs bosons at the LHC [25]. The
input parameters are summarized in Table I.

Theoretical uncertainties of the YB estimate are dis-
cussed in Ref. [9]; for a gauge dependence issue on vC
and TC , see e.g. Ref. [26].

As discussed in Refs. [7, 27, 28], Bd and Bs meson
mixings and b → sγ decay constrain the ρij couplings.
In Ref. [28], it is found that |ρtt| < 2, |ρtc| < 1.5 and
|ρct| < 0.1. As a conservative choice, we will consider
|ρtt|, |ρtc| ≤ 1 and |ρct| ≤ 0.1, with ρij = 0 for all other
entries. Fig. 2 shows the scatter plot of YB/Y obs

B as a
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FIG. 3. YB, |de| and µγγ on the |ρtt|–φtt plane, where the solid
black curve is for YB/Y

obs
B = 1. The shaded region (lavender

blue) is excluded by the current electron EDM bound, and
the dashed curve in gray represents its projected sensitivity.
The signal strengths for h → γγ are given by the blue dotted
curves for µγγ = 1.0, 0.9 and 0.8 from top to bottom.

function of |ρtt|. The purple dots (green crosses) are for
0.1 ≤ |ρtc| ≤ 0.5 (0.5 ≤ |ρtc| ≤ 1.0), and the phases φtt

and φtc are scanned between 0 and 2π. One sees that |ρtt|
has a larger impact on YB than ρtc, as suggested by the
simplified argument. Nevertheless, we emphasize that ρtc
could come into play for ρtt ! 0.01, for ρtc = O(1) with
| sinφtc| % 1. We note in passing that in the EWBG
scenario with µ-τ flavor violation [9], ρµτ and ρτµ could
help EWBG realization, but under the experimental con-
straints, especially the CMS bound [11], their effect alone
cannot reach the observed value of YB .
Phenomenological consequences.— A complex and

sizable ρtt may affect the electron EDM, de, through the
two-loop mechanism [29]. In Fig. 3, the black solid curve
marks YB/Y obs

B = 1 in the |ρtt|–φtt plane. This should
be compared with the shaded region that is excluded by
the current ACME limit [30] of |de| < 8.7 × 10−29 e cm,
which constrains |ρtt| < 0.1–0.2 at φtt = −π/2. Never-
theless, there can still be sufficient BAU for ρtt " 0.04.
In the future, the limit on de is expected [31] to improve
down to 1.0×10−29 e cm or better, which is illustrated by
the gray dashed curve. Thus, electron EDM experiments
can probe the EWBG region in our scenario.
The presence of charged Higgs H+ would reduce the

h → γγ width, while ρtt affects the top loop. We illus-
trate the scenario with the blue dotted lines in Fig. 3 for
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3

electron EDM constraint
Dominant eEDM contributions come from 2-loop diagrams.
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Dominant eEDM contributions come from 2-loop diagrams.
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dominant

Dominant eEDM contributions come from 2-loop diagrams.



eEDM connected to t-EWBG
eEDM in the t-EWBG scenario is induced by ρtt.

2

richer than usual 2HDMs with Z2 symmetries [5].
The Yukawa interactions in the mass eigenbasis are

−LY = f̄ yfφRfφ+ f̄↑
[

V ρf↓R− ρf↑†V L
]

f↓H
+ +H.c,

(1)

where f = u, d, e, f↑ = u, ν, f↓ = d, e, L,R = (1∓ γ5)/2,
φ = h,H,A are the neutral scalars and H+ the charged
scalar, V is the CKM matrix for quarks and unit matrix
for leptons. In Eq. (1), ρf are 3 × 3 Yukawa matrices
which are new sources of CP and flavor violation, and
yfφ are related 3× 3 matrices with elements

yfhij =
λf
i√
2
δijsγ +

ρfij√
2
cγ , (2)

yfHij =
λf
i√
2
δijcγ −

ρfij√
2
sγ , (3)

y
f↑
Aij = −

iρ
f↑
ij√
2
, y

f↓
Aij =

iρ
f↓
ij√
2

(4)

where λf
i =

√
2mf

i /v (v = 246 GeV), sγ = sin γ and
cγ = cos γ, and alignment implies cos2 γ is quite small.
We will comment on later the further mixing between
h,H,A induced by CPV phases of ρfij at one-loop level.
As far as EWBG is concerned, not all complex phases

are relevant. As found in Ref. [3], |ρtt| ! 0.01 with
moderate CPV phase can generate sufficient BAU, while
O(1) ρtc with maximal phase can also play a role in case
|ρtt| " 0.01. Even though the ρtt mechanism is more
efficient, the parameter space is severely constrained by
ACME18. In the ρtc mechanism, on the other hand, in
exchange for less efficient baryogenesis, it does not induce
dangerous eEDMs by itself. The two mechanisms are
therefore complementary. In this work, we focus exclu-
sively on the ρtt case, and parameterize ρij = |ρij |eiφij .
The effective EDM for thorium monoxide (ThO) is

given by [7, 8]

dThO = de + αThOCS , (5)

where the dimension-5 operator − i
2de(ēσ

µνγ5e)Fµν (Fµν

is the electromagnetic field strength tensor) induces the
first term, while the second term arises from nuclear-spin-
independent electron-nucleon interaction described by
−GF√

2
CS(N̄N)(ēiγ5e), where GF is the Fermi constant.

ACME18 gives [2] dThO = (4.3± 4.0)× 10−30 e cm, with
the stated bound on de obtained by assuming CS = 0.
With the estimate [9] of αThO = 1.5 × 10−20, as we will
see below, CS cannot be completely neglected in our case,
so we shall use dThO of ACME18 to explore the model.
In g2HDM, the dominant contributions to de come

from the Barr-Zee diagrams [4], as depicted in Fig. 1,
which we decompose into three pieces, depending on the
particles attached to the electron line. That is,

de = dφγe + dφZe + dφWe , (6)
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FIG. 2. Two dominant diagrams where Imρee enters.

where φ can be the neutral h,H,A bosons or the H+ bo-
son. CP is violated at the lower and/or upper vertices of
the φ line. It is known that dφγe gives the dominant con-
tribution among the three pieces, hence the cancellation
must occur in this sector. We note, however, that al-
though dφZe and dφWe are subleading, they are not always
smaller than the ACME18 bound.
We further decompose each dφVe in Eq. (6) into three

types of diagrams, consisting of fermions, W and H+

loops for dφγe and dφZe , and f↑/f↓, W/φ and H±/φ loops
for dφWe . These are denoted as (dφVe )i, i = f,W,H+ for
V = γ, Z, and (dφWe )i, i = f↑/f↓,W/φ, H±/φ.
If ρtt is the only element that has nonzero CPV phase

and other ρ elements are zero, one would have CS = 0,
and de hence dThO is solely induced by (dφγe )t, which is
the left diagram of Fig. 2. We find

(dφγe )t
e

=
αems2γ
12

√
2π3v

me

mt
Imρtt∆g,

= −6.6× 10−29
(s2γ
0.2

)

(

Imρtt
−0.1

)(

∆g

0.94

)

, (7)

where e is the positron charge, αem = e2/4π and ∆g =
g(m2

t/m
2
h) − g(m2

t/m
2
H), and the loop function g is de-

fined in Ref. [4].
In the second line of Eq. (7), we take one of the

benchmark points considered in Ref. [3], i.e. cγ = 0.1,
mh = 125 GeV and mH = mA = 500 GeV, which
is now excluded by ACME18. This could be circum-
vented by making Imρtt and/or cγ small. For instance,
|(dφγe )t| would become smaller than the ACME18 bound
if |Imρtt| " 0.01, without changing the value of cγ . How-
ever, this would no longer be the ρtt-driven EWBG sce-
nario [3]. For smaller cγ , the dependence of BAU on
cγ has not been studied yet in g2HDM. However, since
cγ → 0 corresponds to the SM-like limit, the variation of
the VEV ratio ∆β during electroweak phase transition
would be suppressed with decreasing cγ .
We conclude that the ρtt-driven EWBG case as stated

above [3] is unlikely to survive the ACME18 bound.
Cancellation mechanism for ThO EDM.— In Ref. [3]

we set ρee = 0 for simplicity, but there is no symmetry
or mechanism to make it zero exactly. Once complex ρee
comes in, (dφγe )W as shown in the right diagram of Fig. 2
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Figure 3: HW -type Barr-Zee diagrams
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where ⌧ij = m2
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j and the loop functions are, respectively, defined as
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GAB
± = (g0SH+ t̄b)

⇤(gAW+ t̄b ± gBW+ t̄b) + i(g0PH+ t̄b)
⇤(gAW+ t̄b ⌥ gBW+ t̄b), (1.20)

G0AB
± = (g0SH+ t̄b)

⇤(gAW+ t̄b ± gBW+ t̄b)� i(g0PH+ t̄b)
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�g = g(⌧th)� g(⌧tH), ⌧ij = m2
i
/m2

j
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If ρtt ≠ 0 and other ρff = 0, 

Imρtt is necessary for EWBG but constrained by eEDM.

eEDM bound:

(ACME-I)|de| < 1.1⇥ 10�29 e cm (ACME-II)

*not found yet
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Structured cancellation:
SM Yukawa-type hierarchy

Importance of ρee

- Once there exist 2 complex parameters (ρtt, ρee), 

cancellation of eEDM is in principle possible.  

- ρee cannot be exactly zero w/o symmetry or protection 
mechanism.

Unstructured cancellation:

|⇢ff | ⇡ �f
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Classification of cancellation mechanism

Non-SM Yukawa-type hierarchy

λf are known

K. Fuyuto, W.-S. Hou, E.S., 1910.12404 [PRD]
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�ēe

h
F̃H(⌧H±�, ⌧H±Z)� F̃A(⌧H±�, ⌧H±Z)

i
, (1.13)

dHW

e

e
= �

QbNCgLW+⌫̄e

256⇡4

1

m2

H±

Z
1

0

dx

1� x
J

✓
rWH± ,

rbH±

1� x
+

rtH±

x

◆

⇥

Im

n�
g0S
H+⌫̄e

⌥ ig0P
H+⌫̄e

�
GRL

+

o
mbx

2 + Im
n�

gS
H+⌫̄e

⌥ ig0P
H+⌫̄e

�
GLR

+

o
mt(1� x)2

+ Im
n�

g0S
H+⌫̄e

⌥ ig0P
H+⌫̄e

�
GRL

�

o
mbx+ Im

n�
g0S
H+⌫̄e

⌥ ig0P
H+⌫̄e

�
GLR

�

o
mt(1� x)

�

�
QtNCgLW+⌫̄e

256⇡4

1

m2

H±

Z
1

0

dx

1� x
J

✓
rWH± ,

rtH±

1� x
+

rbH±

x

◆

2

e�
e�

e�

� �

�

f

f

f

e�
e�

e�

� �

�

W±

W±

W±

e�
e�

e�

� �

�

H±

H±

H±

Figure 1: H�-type Barr-Zee diagrams

e�
e�

e�

� Z

�

f

f

f

e�
e�

e�

� Z

�

W±

W±

W±

e�
e�

e�

� Z

�

H±

H±

H±

Figure 2: HZ-type Barr-Zee diagrams

�
X

�=h,H,A

↵2

em
vge

32⇡2s2
W
m2

W

gP
�ēe
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gIm(ρee) … (mix)

(λe, ρee)

(λt, ρtt)

(λe, ρee)

(g)

λt   Im(ρee), λeIm(ρtt) … (mix)

(d��e )W = (d��e )mix
W
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Im(ρeeρtt) … (extra)

For nonzero ρtt and ρee, the following 2 diagrams are 
relevant.

(d��e )t = (d��e )mix
t + (d��e )extrt
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We consider cancellation mechanism such that

Cancellation mechanism

E.g., c≃0.7 in the EWBG benchmark. (mH=mA=mH+=500 GeV) 

����
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�t
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(d��e )mix
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3

can be comparable or even bigger than (dφγe )t, which is
analogous to h decay to diphoton.
To elucidate our cancellation mechanism, we decom-

pose (dφγe )i into two parts

(dφγe )i ≡ (dφγe )(mix)
i + (dφγe )(extr)i , (8)

where the first term arises from the mixing between SM
and extra Yukawa couplings, while the second term is
purely from extra Yukawa couplings. For the top-loop
contribution, one has

(dφγe )(mix)
t

e
=

αems2γ
12

√
2π3v

[

Imρee∆f +
me

mt
Imρtt∆g

]

, (9)

(dφγe )(extr)t

e
#

αem

12π3mt
Im(ρeeρtt)

[

f(τtA) + g(τtA)
]

,

(10)

where τij = m2
i /m

2
j , ∆X = X(τth)−X(τtH), with X =

f, g defined in Refs. [4] are monotonically increasing loop

functions, so ∆X > 0 for mh < mH . For (dHγ
e )(extr)t , we

take the approximation of cγ % 1 and mH # mA.
For the W -loop contribution, on the other hand, there

is no extra Yukawa coupling in the φWW vertex, so the

(dφγe )W is solely given by (dφγe )(mix)
W , which is

(dφγe )(mix)
W

e
= −

αems2γ
64

√
2π3v

Imρee∆J γ
W , (11)

where ∆J γ
W = J γ

W (mh)−J γ
W (mH), with J γ

W defined in
Ref. [10], which is a monotonically decreasing function,
hence ∆J γ

W > 0 for mh < mH .

We consider the cancellation (dφγe )(mix)
t + (dφγe )(mix)

W =

0, under the condition that (dφγe )(extr)t = 0. The case of

having (dφγe )(extr)t &= 0 is discussed later. From Eqs. (9),
(10) and (11), these two conditions lead, respectively, to

Imρee
Imρtt

= c×
λe

λt
,

Reρee
Reρtt

= −
Imρee
Imρtt

, (12)

where c = (16/3)∆g/(∆J γ
W − (16/3)∆f). For instance,

c # 0.71 for mh = 125 GeV and mH = 500 GeV.
Combining the two conditions in Eq. (12), one gets
|ρee/ρtt| = c × λe/λt, with correlated phase between ρtt
and ρee. Note that c is not sensitive to the exotic Higgs
spectrum that is consistent with first order electroweak
phase transition, hence does not change drastically in the
parameter range for EWBG.
With the above cancellation, dφZe , dφWe and CS become

potentially important. We estimate [11] CS as

CS = −2v2
[

6.3 (Cue + Cde) + Cse
41 MeV

ms

+ Cce
79 MeV

mc
+ 0.062

(

Cbe

mb
+

Cte

mt

)]

, (13)

where Cqe is defined by LCPV
4f =

∑

q Cqe(q̄q)(ēiγ5e),
which emerges after integrating out all neutral Higgs
bosons. The quark mass suppressions are cancelled by
corresponding Yukawa couplings in Cqe, so all quark fla-
vors are generically relevant. Note that for sγ # 1
and mH # mA, Cqe for u- and d-type quarks are
cast in the form of Cue # Im(ρeeρuu)/(2m2

A) and
Cde # Im(ρeeρ∗dd)/(2m

2
A), respectively, which implies

that Cqe # 0 if (dφγe )extrq # 0.
Before turning to numerical results, we comment on

CPV effects at one-loop level, where h,H can mix
with A through Imρtt and Imρee, hence are no longer
CP eigenstates. The mass eigenstates are obtained by
(H1, H2, H3)T = O (h,H,A)T , where O is an orthog-
onal matrix that diagonalizes the Higgs mass squared
matrix M2

N , i.e. OTM2
NO = diag(m2

H1
,m2

H2
,m2

H3
).

The dominant contributions to the CP -mixing entries
are (M2

N )13 = −3λt Imρtt m2
t /4π

2 and (M2
N )23 =

−3Reρtt Imρtt m2
t/4π

2. For φtt = −90◦, one finds that
θ13 # tan−1

[

2(M2
N )13/(m2

h − m2
A)

]

/2 # 9.6 × 10−3 for
|ρtt| = 1 and mA = 500 GeV, and the effects are small
enough to be ignored. For φtt &= −90◦, on the other hand,
despite (M2

N )23 being loop-induced, the 2-3 mixing angle
would be θ23 # tan−1

[

2(M2
N )23/(m2

H − m2
A)

]

/2 # 45◦

if mH # mA, and H and A cannot be identified as CP
eigenstates at all. But even for this case, de would not
be much affected because of the orthogonality of the ma-
trix O. For example, we estimate the relevant part for
(dφγe )t as

∑

i O2iO3if(m2
t/m

2
Hi

) # O21O31f(m2
t/m

2
H1

) +
(O22O32 +O23O33)f(m2

t/m
2
H2

) % 1, where mH2
# mH3

and
∑

i O2iO3i = 0 have been used. We conclude that
the one-loop CPV effects are rather minor.
Numerical results.— We choose ρtt to be consistent

with successful EWBG, and parameterize the other di-
agonal ρff elements as Reρff = af (λf/λt)Reρtt and
Imρff = bf (λf/λt)Imρtt, where af and bf are real pa-
rameters such that |af | = |bf | ≡ rf . From the argu-
ment given above, the cancellation mechanism would be
at work if ae < 0 and be > 0. In what follows, we consider
a flavor-blind scaling of af = −r and bf = r.
To see the cancellation behavior, we first investi-

gate the magnitude of dThO. In Fig. 3 [left] we plot
|dThO| (black, solid) and its compositions |de| (red, solid),
|αThOCS | (blue, solid), |dφγe | (red, dashed), |dφZe | (red,
dotted), |dφWe | (red, dot-dashed) as functions of r, where
we set Reρtt = Imρtt = −0.1 for illustration. The
ACME18 [2] and previous [12] (ACME14) bounds are
shown as the gray and brown shaded regions as marked.
The absence of ρee would correspond to the case of r = 0,
with de # (dφγe )t estimated in Eq. (7). This specific
point [3] is excluded by ACME18. The situation changes
considerably, however, for r &= 0.
As can be seen, strong cancellation occurs in dφγe

around r # 0.75. This is owing to the presence of (dφγe )W ,
and dφWe becomes dominant, followed by dφZe , shifting
the cancellation point in de upward. However, the dip

SM Yukawa-type hierarchy
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can be comparable or even bigger than (dφγe )t, which is
analogous to h decay to diphoton.
To elucidate our cancellation mechanism, we decom-

pose (dφγe )i into two parts

(dφγe )i ≡ (dφγe )(mix)
i + (dφγe )(extr)i , (8)

where the first term arises from the mixing between SM
and extra Yukawa couplings, while the second term is
purely from extra Yukawa couplings. For the top-loop
contribution, one has

(dφγe )(mix)
t

e
=

αems2γ
12

√
2π3v

[

Imρee∆f +
me

mt
Imρtt∆g

]

, (9)

(dφγe )(extr)t

e
#

αem

12π3mt
Im(ρeeρtt)

[

f(τtA) + g(τtA)
]

,

(10)

where τij = m2
i /m

2
j , ∆X = X(τth)−X(τtH), with X =

f, g defined in Refs. [4] are monotonically increasing loop

functions, so ∆X > 0 for mh < mH . For (dHγ
e )(extr)t , we

take the approximation of cγ % 1 and mH # mA.
For the W -loop contribution, on the other hand, there

is no extra Yukawa coupling in the φWW vertex, so the

(dφγe )W is solely given by (dφγe )(mix)
W , which is

(dφγe )(mix)
W

e
= −

αems2γ
64

√
2π3v

Imρee∆J γ
W , (11)

where ∆J γ
W = J γ

W (mh)−J γ
W (mH), with J γ

W defined in
Ref. [10], which is a monotonically decreasing function,
hence ∆J γ

W > 0 for mh < mH .

We consider the cancellation (dφγe )(mix)
t + (dφγe )(mix)

W =

0, under the condition that (dφγe )(extr)t = 0. The case of

having (dφγe )(extr)t &= 0 is discussed later. From Eqs. (9),
(10) and (11), these two conditions lead, respectively, to

Imρee
Imρtt

= c×
λe

λt
,

Reρee
Reρtt

= −
Imρee
Imρtt

, (12)

where c = (16/3)∆g/(∆J γ
W − (16/3)∆f). For instance,

c # 0.71 for mh = 125 GeV and mH = 500 GeV.
Combining the two conditions in Eq. (12), one gets
|ρee/ρtt| = c × λe/λt, with correlated phase between ρtt
and ρee. Note that c is not sensitive to the exotic Higgs
spectrum that is consistent with first order electroweak
phase transition, hence does not change drastically in the
parameter range for EWBG.
With the above cancellation, dφZe , dφWe and CS become

potentially important. We estimate [11] CS as

CS = −2v2
[

6.3 (Cue + Cde) + Cse
41 MeV

ms

+ Cce
79 MeV

mc
+ 0.062

(

Cbe

mb
+

Cte

mt

)]

, (13)

where Cqe is defined by LCPV
4f =

∑

q Cqe(q̄q)(ēiγ5e),
which emerges after integrating out all neutral Higgs
bosons. The quark mass suppressions are cancelled by
corresponding Yukawa couplings in Cqe, so all quark fla-
vors are generically relevant. Note that for sγ # 1
and mH # mA, Cqe for u- and d-type quarks are
cast in the form of Cue # Im(ρeeρuu)/(2m2

A) and
Cde # Im(ρeeρ∗dd)/(2m

2
A), respectively, which implies

that Cqe # 0 if (dφγe )extrq # 0.
Before turning to numerical results, we comment on

CPV effects at one-loop level, where h,H can mix
with A through Imρtt and Imρee, hence are no longer
CP eigenstates. The mass eigenstates are obtained by
(H1, H2, H3)T = O (h,H,A)T , where O is an orthog-
onal matrix that diagonalizes the Higgs mass squared
matrix M2

N , i.e. OTM2
NO = diag(m2

H1
,m2

H2
,m2

H3
).

The dominant contributions to the CP -mixing entries
are (M2

N )13 = −3λt Imρtt m2
t /4π

2 and (M2
N )23 =

−3Reρtt Imρtt m2
t/4π

2. For φtt = −90◦, one finds that
θ13 # tan−1

[

2(M2
N )13/(m2

h − m2
A)

]

/2 # 9.6 × 10−3 for
|ρtt| = 1 and mA = 500 GeV, and the effects are small
enough to be ignored. For φtt &= −90◦, on the other hand,
despite (M2

N )23 being loop-induced, the 2-3 mixing angle
would be θ23 # tan−1

[

2(M2
N )23/(m2

H − m2
A)

]

/2 # 45◦

if mH # mA, and H and A cannot be identified as CP
eigenstates at all. But even for this case, de would not
be much affected because of the orthogonality of the ma-
trix O. For example, we estimate the relevant part for
(dφγe )t as

∑

i O2iO3if(m2
t/m

2
Hi

) # O21O31f(m2
t/m

2
H1

) +
(O22O32 +O23O33)f(m2

t/m
2
H2

) % 1, where mH2
# mH3

and
∑

i O2iO3i = 0 have been used. We conclude that
the one-loop CPV effects are rather minor.
Numerical results.— We choose ρtt to be consistent

with successful EWBG, and parameterize the other di-
agonal ρff elements as Reρff = af (λf/λt)Reρtt and
Imρff = bf (λf/λt)Imρtt, where af and bf are real pa-
rameters such that |af | = |bf | ≡ rf . From the argu-
ment given above, the cancellation mechanism would be
at work if ae < 0 and be > 0. In what follows, we consider
a flavor-blind scaling of af = −r and bf = r.
To see the cancellation behavior, we first investi-

gate the magnitude of dThO. In Fig. 3 [left] we plot
|dThO| (black, solid) and its compositions |de| (red, solid),
|αThOCS | (blue, solid), |dφγe | (red, dashed), |dφZe | (red,
dotted), |dφWe | (red, dot-dashed) as functions of r, where
we set Reρtt = Imρtt = −0.1 for illustration. The
ACME18 [2] and previous [12] (ACME14) bounds are
shown as the gray and brown shaded regions as marked.
The absence of ρee would correspond to the case of r = 0,
with de # (dφγe )t estimated in Eq. (7). This specific
point [3] is excluded by ACME18. The situation changes
considerably, however, for r &= 0.
As can be seen, strong cancellation occurs in dφγe

around r # 0.75. This is owing to the presence of (dφγe )W ,
and dφWe becomes dominant, followed by dφZe , shifting
the cancellation point in de upward. However, the dip

SM Yukawa-type hierarchy
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- BAU-favored regions
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- Dangerous diagrams are 

cancelled by nonzero ρee.
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 sufficient BAU



• We have studied the sphaleron decoupling condition taking the 
magnetic mass into account.


• Nonzero magnetic mass can increase the sphaleron energy, which 
makes the sphaleron decoupling condition more relaxed. 

Summary
1st part of my talk:

2nd part of my talk:
• We have revisited the t-EWBG scenario in the general 2HDM in light of 

ACME-II.


• Built-in cancellation mechanism for eEDM exists, which indicates the 
presence of ρee        such that |ρee/ρtt| ~ λe/λt. t-EWBG scenario is still viable. 
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Case of (d��e )extrt 6= 0
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FIG. 3. [Left] |dThO| and its details as functions of r, where Reρff = −rλfReρtt/λt and Imρff = rλf Imρtt/λt for charged
fermion f . We have taken Reρtt = Imρtt = −0.1, as well as cγ = 0.1 and mH = mA = mH± = 500 GeV. The bounds from
ACME are overlaid. [Right] The 2σ-allowed region of dThO with r = 1.0 (blue, solid), 0.9 (red, dashed), 0.8 (magenta, dotted)
and 0.75 (navy blue, dot-dashed), respectively. The region to the right of the black solid contour, YB/Y obs

B = 1, is allowed,
while the gray shaded region is excluded by Bs-B̄s mixing. Other input parameters are the same as in the left plot.

in dThO moves downward due to the CS contribution.
In any case, dThO can be suppressed by two orders of
magnitude owing to the cancellation mechanism.
We display, in Fig. 3 [right], the 2σ allowed region of

dThO in the (|ρtt|, φtt) plane, taking r = 1.0 (blue, solid),
0.9 (red, dashed), 0.8 (magenta, dotted) and 0.75 (navy
blue, dot-dashed), respectively. The regions to the left of
these contours are allowed, while to the right of the black
contours correspond to YB > Y obs

B = 8.59 × 10−11 [13]
for EWBG. The gray shaded region (larger |ρtt| values) is
excluded by Bs-B̄s mixing [14]. Note that in Ref. [3], we
considered φtt < 0 for BAU positive. However, one can
have φtt > 0 by flipping the sign of ∆β. Since the central
value of dThO is positive, the allowed region is asymmetric
in φtt. For r = 1.0 and 0.9, only φtt < 0 is consistent
with ρtt-driven EWBG, but φtt > 0 becomes possible as
r approaches the cancellation point at r ∼ 0.75, enlarging
the room for ρtt-driven EWBG.

Let us comment on the case where (dφγe )(extr)t #= 0.
Taking Reρee $ 0 for illustration, we find

Imρee
Imρtt

$
(16/3)∆g

∆J γ
W − (16/3)∆f + ε

λe

λt
≡ c′ ×

λe

λt
, (14)

where s2γλt ε = −(16/3)Reρtt
[

f(τtA) + g(τtA)
]

. Thus,
the coefficient c in Eq. (12) can be altered by ε, where
|c′| can become much larger than one when ε makes the
denominator small. But then dThO gets too large due to
sizable Imρee, becoming inconsistent with ACME18. We
find |c′| ! 0.3 for experimentally allowed Reρtt. This in-
dicates that the cancellation mechanism still suggests the
ρ matrices follow the SM Yukawa coupling hierarchy. It

is also worth mentioning that, despite the small param-
eter space, further cancellation in dThO can occur if we
take flavor-dependent af and bf such that |af |, |bf | < 1.
In this case, ρbb could play an elevated role.

Before closing, we note that the ACME14 bound was
confirmed by an independent experiment using the po-
lar molecule 180Hf19F+ [15]. Given the significance of
the ACME18 result, it should be similarly crosschecked,
preferably using different methods. It is quite interesting
that, while the largest diagonal extra Yukawa coupling,
ρtt, is responsible for BAU, it works in concert with the
smallest diagonal extra Yukawa coupling, ρee, to generate
an eEDM that might be revealed soon by very low en-
ergy, ultra-precision probes. We look forward to updates
on electron EDM that may further probe the parameter
space of ρtt-driven EWBG.

Conclusion.— In the scenario where an extra Yukawa
coupling ρtt drives EWBG, we demonstrate that the
ACME18 result suggests the presence of a new electron
Yukawa coupling, bringing in an exquisite cancellation
mechanism for eEDM measured in ThO, which broadens
the parameter space. This cancellation can be at work
only when the hierarchical structure of the new Yukawa
couplings is similar to those of the SM Yukawa couplings,
which may reflect some underlying flavor structure in the
general 2HDM. Alternatively, EWBG may be due to the
weaker mechanism from flavor changing ρtc coupling that
evade the eEDM bound.

Acknowledgments We thank Jordy de Vries for help-
ful discussions. KF is supported in part by DOE con-
tract xxxxx, ES is supported in part by IBS under

From Eqs. (1.48), (1.49) and (1.50), the 1st and 2nd conditions respectively give

Im⇢ee
Im⇢tt

= c⇥
�e

�t
,

Re⇢ee
Re⇢tt

= �
Im⇢ee
Im⇢tt

= �C ⇥
�e

�t
. (1.52)

where c = (16/3)�g/(�J
�
W � (16/3)�f). For instance, c = 0.71 for mh = 125 GeV and

mH = 500 GeV. From those 2 conditions, it follows that
����
⇢ee
⇢tt

���� = C ⇥
�e

�t
. (1.53)

We could consider another case that

(dH�
e )(mix)

t + (dH�
e )(extr)t + (dH�

e )(mix)
W = 0. (1.54)

For illustration we consider Re⇢ee = 0 case.

(dH�
e )(mix)

t + (dH�
e )(extr)t + (dH�

e )(mix)
W

'
↵ems2�
12
p
2⇡3v


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3
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�J

�
W +

Re⇢tt
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�
f(⌧tA) + g(⌧tA)
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Im⇢tt�g

�
= 0, (1.55)

which gives

Im⇢ee
Im⇢tt
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�
W � (16/3)�f + ✏

�e

�t
, (1.56)

where

✏ = �
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Re⇢tt
s2��t

�
f(⌧tA) + g(⌧tA)

�
. (1.57)

We could find Re⇢tt such that �J
�
W � (16/3)�f + ✏ ' 0, which spoils the CKM-like flavor

structure in ⇢ff .
Once the above cancellation happens, the subdominant contributions of de can be compa-

rable to CS,

CS = �2v2

6.3(Cue + Cde) + Cse

41 MeV

ms
+ Cce

79 MeV

mc
+ 6.2⇥ 10�2

✓
Cbe

mb
+

Cte

mt

◆�
, (1.58)

where Cqe is defined in Appendix E. Note that the EDM of ThO is given by

dThO = de + ↵ThOCS, (1.59)

where ↵ThO = 1.5 ⇥ 10�20. The partial cancellation between de and CS is possible depending
on ⇢qq (q = u, d, s, c, b).

Note that for s� ' 1 and mH ' mA, Cqe for up- and down-type quarks are, respectively,
cast into the form

Cue '
1

2m2
A

Im(⇢ee⇢uu), Cde '
1

2m2
A

Im(⇢ee⇢
⇤
dd). (1.60)
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We could consider another cancellation case:

Taking Reρee=0 for illustration, one has
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FIG. 3. [Left] |dThO| and its details as functions of r, where Reρff = −rλfReρtt/λt and Imρff = rλf Imρtt/λt for charged
fermion f . We have taken Reρtt = Imρtt = −0.1, as well as cγ = 0.1 and mH = mA = mH± = 500 GeV. The bounds from
ACME are overlaid. [Right] The 2σ-allowed region of dThO with r = 1.0 (blue, solid), 0.9 (red, dashed), 0.8 (magenta, dotted)
and 0.75 (navy blue, dot-dashed), respectively. The region to the right of the black solid contour, YB/Y obs

B = 1, is allowed,
while the gray shaded region is excluded by Bs-B̄s mixing. Other input parameters are the same as in the left plot.

in dThO moves downward due to the CS contribution.
In any case, dThO can be suppressed by two orders of
magnitude owing to the cancellation mechanism.
We display, in Fig. 3 [right], the 2σ allowed region of

dThO in the (|ρtt|, φtt) plane, taking r = 1.0 (blue, solid),
0.9 (red, dashed), 0.8 (magenta, dotted) and 0.75 (navy
blue, dot-dashed), respectively. The regions to the left of
these contours are allowed, while to the right of the black
contours correspond to YB > Y obs

B = 8.59 × 10−11 [13]
for EWBG. The gray shaded region (larger |ρtt| values) is
excluded by Bs-B̄s mixing [14]. Note that in Ref. [3], we
considered φtt < 0 for BAU positive. However, one can
have φtt > 0 by flipping the sign of ∆β. Since the central
value of dThO is positive, the allowed region is asymmetric
in φtt. For r = 1.0 and 0.9, only φtt < 0 is consistent
with ρtt-driven EWBG, but φtt > 0 becomes possible as
r approaches the cancellation point at r ∼ 0.75, enlarging
the room for ρtt-driven EWBG.

Let us comment on the case where (dφγe )(extr)t #= 0.
Taking Reρee $ 0 for illustration, we find

Imρee
Imρtt

$
(16/3)∆g

∆J γ
W − (16/3)∆f + ε

λe

λt
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where s2γλt ε = −(16/3)Reρtt
[

f(τtA) + g(τtA)
]

. Thus,
the coefficient c in Eq. (12) can be altered by ε, where
|c′| can become much larger than one when ε makes the
denominator small. But then dThO gets too large due to
sizable Imρee, becoming inconsistent with ACME18. We
find |c′| ! 0.3 for experimentally allowed Reρtt. This in-
dicates that the cancellation mechanism still suggests the
ρ matrices follow the SM Yukawa coupling hierarchy. It

is also worth mentioning that, despite the small param-
eter space, further cancellation in dThO can occur if we
take flavor-dependent af and bf such that |af |, |bf | < 1.
In this case, ρbb could play an elevated role.

Before closing, we note that the ACME14 bound was
confirmed by an independent experiment using the po-
lar molecule 180Hf19F+ [15]. Given the significance of
the ACME18 result, it should be similarly crosschecked,
preferably using different methods. It is quite interesting
that, while the largest diagonal extra Yukawa coupling,
ρtt, is responsible for BAU, it works in concert with the
smallest diagonal extra Yukawa coupling, ρee, to generate
an eEDM that might be revealed soon by very low en-
ergy, ultra-precision probes. We look forward to updates
on electron EDM that may further probe the parameter
space of ρtt-driven EWBG.

Conclusion.— In the scenario where an extra Yukawa
coupling ρtt drives EWBG, we demonstrate that the
ACME18 result suggests the presence of a new electron
Yukawa coupling, bringing in an exquisite cancellation
mechanism for eEDM measured in ThO, which broadens
the parameter space. This cancellation can be at work
only when the hierarchical structure of the new Yukawa
couplings is similar to those of the SM Yukawa couplings,
which may reflect some underlying flavor structure in the
general 2HDM. Alternatively, EWBG may be due to the
weaker mechanism from flavor changing ρtc coupling that
evade the eEDM bound.
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where

- c’>>1 if the denominator becomes small. -> dThO gets 
enhanced by other diagrams, which can be excluded. 

- |c’|>0.3 in experimentally allowed Reρtt.  



CP violation at 1-loop
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The tadpole condition of A at 1-loop level is

0 = T̄A = �

X

f

4N f
Cg

S
Af̄f

16⇡2
m3

f

✓
1� ln

m2
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µ̄2
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' �

4N f
Cg

S
At̄t

16⇡2
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t

✓
1� ln

m2
t

µ̄2

◆
, (1.71)

where we use the MS scheme. We determine µ̄ to satisfy this condition. In this scheme the
CP-violating o↵-diagonal elements in the GH basis are respectively given by

(M02
N)13 = �

4NC

16⇡2
�tIm⇢ttm

2
t = �

4NC

16⇡2
�t|⇢tt| sin�ttm

2
t , (1.72)

(M02
N)23 = �

4NC

16⇡2
Re⇢ttIm⇢ttm

2
t = �

2NC

16⇡2
|⇢tt|

2 sin 2�ttm
2
t . (1.73)

Let us consider the impacts of those terms on EDMs. The mass matrix at 1-loop level is

M
2
N =

0

@
M2

1 + 3
2⇤1v2 M2

3 �
3
2⇤6v2 0

M2
3 �

3
2⇤6v2 M2

2 + 1
2(⇤3 + ⇤4 + ⇤5)v2 0

0 0 M2
2 + 1

2(⇤3 + ⇤4 � ⇤5)v2

1

A+�M
2
N

'

0

@
m2

h 0 (M02
N)13

0 m2
H (M02

N)23
(M02

N)13 (M02
N)23 m2

A

1

A '
�tt=�⇡/2

0

@
m2

h 0 (M02
N)13

0 m2
H 0

(M02
N)13 0 m2

A

1

A . (1.74)

The (13) mixing is

tan 2✓13 =
2(M02

N)13
m2

h �m2
A

. (1.75)

For mh = 125 GeV, mA = 500 GeV, |⇢tt| = 1, one gets ✓13 ' 9.6 ⇥ 10�3, which roughly gives
the maximal value in our scenario.

Now let us consider the case of �tt 6= �⇡/2. In this case, the (23) mixing angle would be
✓23 = ⇡/4 if mH = mA since

tan 2✓23 =
2(M02

N)23
m2

H �m2
A

= 1. (1.76)

Therefore, H and A cannot be identified as the CP eigenstates at all. However, even in this
case, EDMs would not be much a↵ected because of the orthogonality of the rotation matrix O.
For instance,

X

i

O2iO3if(⌧tHi
) = O21O31f(⌧tH1) + (O22O32 +O23O33)f(⌧tH2) ⌧ 1, (1.77)

11Therefore, 1-loop CPV effects are rather minor. 

in the generic basis, which is defined as
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Note that gH1V V and gHiHW in the HG basis are cast into the simple form

gHiV V = O1i, gHiHW = O2i � iO3i. (B.24)

where O is defined as the mixing matrix s.t. OT
M

02
NO = diag(m2

H1
,m2

H2
,m2

H3
), namely,
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C Jarlskog-like invariants

We construct Jarlskog-like invariants based on Ref. [17].
Let us parametrize the Yukawa interactions and Higgs potential in the generic basis as

�LY = q̄LY
u
i �̃iuR + q̄LY

d
i �idR + h.c., (C.1)

V (�i) = m2
ij�

†
i�j +

1

2
�ij,kl(�

†
i�j)(�

†
k�l), (C.2)

where �̃i = i⌧ 2�⇤
i .

Define the basis transformation as

qL = VLq
0
L, uR = V u

Ru
0
R, dR = V d

Rd
0
R, �i = Uij�

0
j. (C.3)

Under this basis transformation, the Yukawa matrices transform as

Y 0u
i = V †

LY
u
j U

⇤
jiV

u
R , Y 0d

i = V †
LY

d
j UjiV

d
R (C.4)

In what follows, we focus on up-type sector. Let us introduce the following tensors,

V ij = viv
⇤
j , m2

ij = m2
ij, T u

ij = Trf (Y u
i Y

u†
j ), (C.5)

where i, j denote indices of the Higgs doublets, in our case, i, j = 1, 2. Trf acts on the flavor
space. Note that T u is invariant under the fermion basis transformation. Also, under the scalar
basis transformations U , one has

V ! V 0 = U †V U, m2
! m02 = U †m2U, T u

! T u0
= U †T uU. (C.6)

Therefore, one of the basis-invariant CP violating quantities involving up-type Yukawa coupling
can be constructed as

Jb = ImTr(V m2T u) = Im
⇥
viv

⇤
jm

2
jkT

u
ki

⇤
. (C.7)
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For the top-loop Barr-Zee diagram, one of the relevant parts takes 
the form

<<1 <<1 ∵ orthogonality of O
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where we use the MS scheme. We determine µ̄ to satisfy this condition. In this scheme the
CP-violating o↵-diagonal elements in the GH basis are respectively given by
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For mh = 125 GeV, mA = 500 GeV, |⇢tt| = 1, one gets ✓13 ' 9.6 ⇥ 10�3, which roughly gives
the maximal value in our scenario.
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Therefore, H and A cannot be identified as the CP eigenstates at all. However, even in this
case, EDMs would not be much a↵ected because of the orthogonality of the rotation matrix O.
For instance,
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where we use the MS scheme. We determine µ̄ to satisfy this condition. In this scheme the
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Once the cancellation happens in de, CS contribution could 
comes into play.

CS comes into play

dThO = de + ↵ThOCS
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ACME experiment measures EDM of ThO.

|de| < 1.1⇥ 10�29 e cm is not applicable.

dEXP

ThO
= (4.3± 4.0)⇥ 10�30 e cm
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[ACME, Nature 562,355(2018)]

From now on, we consider dThO taking CS into account. 

We have to use
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CS contribution

CS arises from 4 fermion operators as
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CP-violating Higgs couplings to fermions
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We use 

The sign of CS depends on ρqq (q=u,d,s,c,b)


