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Introduction

- Baryon asymmetry of the Universe (BAU), nB/s≃10-10 

- Dark matter (DM), etc.

Drawbacks of the Standard Model (SM)
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τ/m

2
φ. Non-degeneracy of the neutral Higgs

masses and proper choice of the overall sign are essential
for obtaining a sufficient δaµ. In Ref. [22], the discrep-
ancy of (g− 2)µ between the experimental value and the
SM prediction was estimated as

δaµ = aEXP
µ − aSMµ = (26.1± 8.0)× 10−10 . (10)

As demonstrated in Ref. [17], this deviation could be ac-
commodated for mH,A,H± ∈ [200, 500] GeV with an ap-
propriate mass hierarchy. From EWBG point of view,
this mass range of the heavy Higgs bosons has the right
scale for realizing the first-order EWPT, though the LFV
interactions by themselves do not play a central role in
the realization, as will be shown in the following sections.
The current limit on dµ is [23]

|dµ| < 1.9× 10−19 e cm , (11)

which is about three orders of magnitude larger than dµ
estimated with Arg(ρµτρτµ) = 1 and δaµ = 3.0×10−9 in
Eq. (8). In what follows, we will clarify the relationship
between CP violation appearing in dµ and that relevant
to BAU.

IV. BARYON NUMBER PRESERVATION

The baryon number is generated via the sphaleron pro-
cess outside the bubble (symmetric phase), and it can
survive if the sphaleron process is sufficiently quenched
inside the bubble (broken phase). To this end, the

sphaleron rate in the broken phase, denoted as Γ(b)
B (T ),

must be smaller than the Hubble constant, H(T ). More
explicitly,

Γ(b)
B (T ) ≃ (prefactor)e−Esph(T )/T

< H(T ) ≃ 1.66
√

g∗(T )T
2/mP , (12)

where Esph stands for the sphaleron energy, g∗ is the de-
grees of freedom of relativistic particles in the plasma
(g∗ = 110.75 in the 2HDM) and mP = 1.22× 1019 GeV.

We parametrize the sphaleron energy as Esph(T ) =
4πv(T )E(T )/g2 with g2 being the SU(2)L gauge coupling
constant. Eq. (12) is then rewritten as

v(T )

T
>

g2
4πE(T )

[

42.97 + log terms
]

≡ ζsph(T ) . (13)

One can see that ζsph(T ) is mostly controlled by E(T ).
The logarithmic corrections in the bracket come from

the prefactor of Γ(b)
B . To our best knowledge, an exten-

sive study on the prefactor in the 2HDM is still missing.
In the minimal supersymmetric SM case, on the other
hand, the zero mode factors of the fluctuations about
the sphaleron typically amount to about 10% [24]. This
is subdominant and, therefore, we will neglect them in
our numerical analysis for simplicity.
We impose Eq. (13) at a critical temperature TC at

which the effective potential has two degenerate minima.
In our analysis, TC and vC ≡ v(TC) are determined us-
ing finite-temperature one-loop effective potential with
thermal resummation. As mentioned in Sec. III, sβ−α

is close to 1 in the region of interest to us. In such a
case, we may simplify the analysis of EWPT to a one-
dimensional problem with a single order parameter as
discussed in Refs. [10, 12].
As is well-known, the extra heavy Higgs bosons can

play a major role in enhancing vC/TC in the 2HDM.
In this case, M2 ≡ m2

3/(sβcβ) must not exceed cer-
tain values, depending on the magnitude of quartic cou-
plings; otherwise, the so-called non-decoupling effects
would diminish, rendering a suppressed vC/TC . Phe-
nomenological consequences of the non-decoupling effects
at T = 0 include significant deviations in the h → γγ de-
cay width [25] and the triple Higgs coupling [26].
For the evaluation of E , we solve the equations of mo-

tion for the sphaleron with appropriate boundary condi-
tions [27, 28]. Here, we use the tree-level Higgs potential
for simplicity. In this case, ζsph may be underestimated
by O(10)% since E(0) > E(TC). As will be shown be-
low, this approximation does not affect our conclusion.
A detailed analysis of ζsph(T ) will be given elsewhere.
In passing, recent studies show that ζsph(TC) = 1.1 −

1.2 in the real singlet-extended SM [29] and ζsph(TC) =
1.23 in the scale-invariant 2HDM [13] for typical param-
eter sets.
In Fig. 1, vC/TC and δaµ are shown in the (mH ,mA)

plane. Here, we takemA = mH± to avoid the electroweak
ρ parameter constraint, and choose cβ−α = 0.006, |ρτµ| =
|ρµτ |, and φτµ + φµτ = π/4, as favored by the solution
of (g − 2)µ anomaly. For the remaining parameters, we
set M = 100 GeV, tan β = 1 and λ6 = λ7 = 0 as an
example. Contours of vC/TC are plotted with the solid
curves in gray with values of 1.0, 1.17, 1.5, 2.0, 2.5, 3.0
from bottom to top, where 1.17 corresponds to ζsph. Al-
lowed 1σ, 2σ and 3σ regions of δaµ are shown by the
areas colored in green, blue and pink, respectively. One
can see that the regions satisfying the baryon number
preservation condition (vC/TC > ζsph) and favored by
(g − 2)µ have an overlap if mA > mH . We note that

muon g-2

[Hagiwara et al, 1105.3149]

Q. Is EW baryogengesis (EWBG) compatible with them? 

A model extended with inert Higgs doublet and vector-like 
leptons can explain DM and (g-2)μ.

[L. Calibbi, R. Ziegler, J. Zupan, 1804.00009 (JHEP)]

As a first step, we focus on 1st-order EWPT.
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Particle content
Vector-like leptons:
Inert Higgs doublet:SM +

SU(3)C⊗SU(2)L⊗U(1)Y⊗Z2

�LY 3 yij ¯̀iL⌘EjR +mEiĒiLEiR + h.c.

New lepton Yukawa interaction
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[D. Boraha, S. Sadhukhanb, S. Sahooa, PLB771, (2017) 624 (1703.08674)]

Model

[L. Calibbi, R. Ziegler, J. Zupan, 1804.00009 (JHEP)]



Couplings of SM leptons to E and η.

As a simple setup, we consider yμE ≠0 and others ≃ 0. 

Lepton Yukawa int.

�LY 3 yij ¯̀iL⌘EjR +mEiĒiLEiR + h.c.

=
1p
2
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+ +mEiĒiLEiR + h.c.

where mE is diagonalized. In this basis, y is the general 3⇥3 complex matrix
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0
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A relevant to muon g-2



Higgs potential
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H or A (lightest Z2 odd particle) can be a dark matter (DM).

� ! � and ⌘ ! �⌘

In this study, we consider H is DM.



Higgs masses

m2
h = �1v
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In the vacuum v = 246 GeV

- Heavy Higgs masses come from both     and symmetry 
breaking term (λv2).
- We may know which part is dominant by measuring Higgs 
couplings precisely. 

µ2
2



Model parameters

�1 =
m2

h

v2
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In our study, H is DM, and mH≃mh/2 is taken.

At tree level

Also, mA=mH+ (λ4=λ5) to avoid ρ-parameter constraint.

Original parameters: µ2
1, µ2

2, �1, �2, �3, �4, �5.

Converted parameters: v, µ2
2, �2, mh, mH , mA, mH± ,

µ2
2DM physics point of view, �L ⌘ �3 + �4 + �5
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Dark Matter



muon g-2
H, A

µ− Ek µ−

γ

rEiµ = m2
Ei
/m2

µ, r�µ = m2
�/m

2
µ

S1 =
m2

µ

12M2
+O

✓
m4

µ

M4

◆
For mEi = m� ⌘ M � mµ,
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bosons to δaµ and dµ are given by
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with rφ = m2
τ/m

2
φ. Non-degeneracy of the neutral Higgs

masses and proper choice of the overall sign are essential
for obtaining a sufficient δaµ. In Ref. [22], the discrep-
ancy of (g− 2)µ between the experimental value and the
SM prediction was estimated as

δaµ = aEXP
µ − aSMµ = (26.1± 8.0)× 10−10 . (10)

As demonstrated in Ref. [17], this deviation could be ac-
commodated for mH,A,H± ∈ [200, 500] GeV with an ap-
propriate mass hierarchy. From EWBG point of view,
this mass range of the heavy Higgs bosons has the right
scale for realizing the first-order EWPT, though the LFV
interactions by themselves do not play a central role in
the realization, as will be shown in the following sections.
The current limit on dµ is [23]

|dµ| < 1.9× 10−19 e cm , (11)

which is about three orders of magnitude larger than dµ
estimated with Arg(ρµτρτµ) = 1 and δaµ = 3.0×10−9 in
Eq. (8). In what follows, we will clarify the relationship
between CP violation appearing in dµ and that relevant
to BAU.

IV. BARYON NUMBER PRESERVATION

The baryon number is generated via the sphaleron pro-
cess outside the bubble (symmetric phase), and it can
survive if the sphaleron process is sufficiently quenched
inside the bubble (broken phase). To this end, the

sphaleron rate in the broken phase, denoted as Γ(b)
B (T ),

must be smaller than the Hubble constant, H(T ). More
explicitly,

Γ(b)
B (T ) ≃ (prefactor)e−Esph(T )/T

< H(T ) ≃ 1.66
√

g∗(T )T
2/mP , (12)

where Esph stands for the sphaleron energy, g∗ is the de-
grees of freedom of relativistic particles in the plasma
(g∗ = 110.75 in the 2HDM) and mP = 1.22× 1019 GeV.

We parametrize the sphaleron energy as Esph(T ) =
4πv(T )E(T )/g2 with g2 being the SU(2)L gauge coupling
constant. Eq. (12) is then rewritten as

v(T )

T
>

g2
4πE(T )

[

42.97 + log terms
]

≡ ζsph(T ) . (13)

One can see that ζsph(T ) is mostly controlled by E(T ).
The logarithmic corrections in the bracket come from

the prefactor of Γ(b)
B . To our best knowledge, an exten-

sive study on the prefactor in the 2HDM is still missing.
In the minimal supersymmetric SM case, on the other
hand, the zero mode factors of the fluctuations about
the sphaleron typically amount to about 10% [24]. This
is subdominant and, therefore, we will neglect them in
our numerical analysis for simplicity.
We impose Eq. (13) at a critical temperature TC at

which the effective potential has two degenerate minima.
In our analysis, TC and vC ≡ v(TC) are determined us-
ing finite-temperature one-loop effective potential with
thermal resummation. As mentioned in Sec. III, sβ−α

is close to 1 in the region of interest to us. In such a
case, we may simplify the analysis of EWPT to a one-
dimensional problem with a single order parameter as
discussed in Refs. [10, 12].
As is well-known, the extra heavy Higgs bosons can

play a major role in enhancing vC/TC in the 2HDM.
In this case, M2 ≡ m2

3/(sβcβ) must not exceed cer-
tain values, depending on the magnitude of quartic cou-
plings; otherwise, the so-called non-decoupling effects
would diminish, rendering a suppressed vC/TC . Phe-
nomenological consequences of the non-decoupling effects
at T = 0 include significant deviations in the h → γγ de-
cay width [25] and the triple Higgs coupling [26].
For the evaluation of E , we solve the equations of mo-

tion for the sphaleron with appropriate boundary condi-
tions [27, 28]. Here, we use the tree-level Higgs potential
for simplicity. In this case, ζsph may be underestimated
by O(10)% since E(0) > E(TC). As will be shown be-
low, this approximation does not affect our conclusion.
A detailed analysis of ζsph(T ) will be given elsewhere.
In passing, recent studies show that ζsph(TC) = 1.1 −

1.2 in the real singlet-extended SM [29] and ζsph(TC) =
1.23 in the scale-invariant 2HDM [13] for typical param-
eter sets.
In Fig. 1, vC/TC and δaµ are shown in the (mH ,mA)

plane. Here, we takemA = mH± to avoid the electroweak
ρ parameter constraint, and choose cβ−α = 0.006, |ρτµ| =
|ρµτ |, and φτµ + φµτ = π/4, as favored by the solution
of (g − 2)µ anomaly. For the remaining parameters, we
set M = 100 GeV, tan β = 1 and λ6 = λ7 = 0 as an
example. Contours of vC/TC are plotted with the solid
curves in gray with values of 1.0, 1.17, 1.5, 2.0, 2.5, 3.0
from bottom to top, where 1.17 corresponds to ζsph. Al-
lowed 1σ, 2σ and 3σ regions of δaµ are shown by the
areas colored in green, blue and pink, respectively. One
can see that the regions satisfying the baryon number
preservation condition (vC/TC > ζsph) and favored by
(g − 2)µ have an overlap if mA > mH . We note that

Hagiwara et al, 1105.3149.
Exp. value:

New particles contribute to (g-2)μ at 1-loop. 
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DM relic abundance

�f =
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4m2
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- mH≃mh/2 can give the right amount of DM relic density.
- 2nd diagram would be important if yμE > O(1).

where

For mH < mW
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Figure 7. Results for the LL0 model (inert doublet DM plus a vectorlike lepton singlet) in the
MF −MS plane for λL = 2. Colored regions as in the previous figures.

splitting and a limited range of λL,R values. The upper-right plots in figures 4 and 5 show

instances of possible parameter choices, where the red line overlaps with the green region

only. Specifically, we have found that LL1 and RR1 can simultaneously address DM and

(g − 2)µ at the 2σ level, without being in conflict with direct searches, if

LL1 : 60 GeV ! MS ! 70 GeV, 100 GeV ! MF ! 115 GeV, 1.2 ! λL ! 1.4 ;

RR1 : 55 GeV ! MS ! 90 GeV, 100 GeV ! MF ! 140 GeV, 1.3 ! λR ! 1.8 .

This is best illustrated in figure 6 for different choices of MF (close to the LEP limit and to

the maximum attainable values). These plots also highlight the phenomenological differ-

ences between the two models. For the same value of MF , the LHC excludes a broader range

of parameter space in the LL1 model. This is a consequence of the larger production cross

section of the heavy charged fermion in LL1 (which is part of a SU(2)L doublet) compared to

the charged fermion in RR1 (which is a SU(2)L singlet). Similarly, for the same value ofMF ,

MS and λ, the DM annihilation cross section is larger in LL1 than in RR1, again because

of the SU(2)L multiplicity of the fields. In particular, the LL1 scalar can also annihilate

into neutrinos. As a consequence, for a given MS , the correct relic abundance is obtained

for smaller (larger) values of the coupling (of MF ) in LL1 than in RR1. The net result of

these two features is that the viable parameter region are smaller in LL1 compared to RR1,

as is manifest from the plots in the first row of figure 6 and the parameter regions above.

We conclude the section with a brief discussion of the LL0 model. This is an example

of an inert doublet DM model [56–58], where DM is part of a scalar SU(2)L doublet. The

LL0 model contains in addition the fermion partner — a singlet vectorlike lepton, see

table 3. Since DM is part of a weak doublet, it can efficiently annihilate into W+W−,

provided that mχ > MW . In this case the relic density is too small for light DM masses,

mχ ∼ O(100 GeV), which is the region where the (g − 2)µ anomaly can be explained.
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Figure 7. Results for the LL0 model (inert doublet DM plus a vectorlike lepton singlet) in the
MF −MS plane for λL = 2. Colored regions as in the previous figures.

splitting and a limited range of λL,R values. The upper-right plots in figures 4 and 5 show

instances of possible parameter choices, where the red line overlaps with the green region

only. Specifically, we have found that LL1 and RR1 can simultaneously address DM and

(g − 2)µ at the 2σ level, without being in conflict with direct searches, if

LL1 : 60 GeV ! MS ! 70 GeV, 100 GeV ! MF ! 115 GeV, 1.2 ! λL ! 1.4 ;

RR1 : 55 GeV ! MS ! 90 GeV, 100 GeV ! MF ! 140 GeV, 1.3 ! λR ! 1.8 .

This is best illustrated in figure 6 for different choices of MF (close to the LEP limit and to

the maximum attainable values). These plots also highlight the phenomenological differ-

ences between the two models. For the same value of MF , the LHC excludes a broader range

of parameter space in the LL1 model. This is a consequence of the larger production cross

section of the heavy charged fermion in LL1 (which is part of a SU(2)L doublet) compared to

the charged fermion in RR1 (which is a SU(2)L singlet). Similarly, for the same value ofMF ,

MS and λ, the DM annihilation cross section is larger in LL1 than in RR1, again because

of the SU(2)L multiplicity of the fields. In particular, the LL1 scalar can also annihilate

into neutrinos. As a consequence, for a given MS , the correct relic abundance is obtained

for smaller (larger) values of the coupling (of MF ) in LL1 than in RR1. The net result of

these two features is that the viable parameter region are smaller in LL1 compared to RR1,

as is manifest from the plots in the first row of figure 6 and the parameter regions above.

We conclude the section with a brief discussion of the LL0 model. This is an example

of an inert doublet DM model [56–58], where DM is part of a scalar SU(2)L doublet. The

LL0 model contains in addition the fermion partner — a singlet vectorlike lepton, see

table 3. Since DM is part of a weak doublet, it can efficiently annihilate into W+W−,

provided that mχ > MW . In this case the relic density is too small for light DM masses,

mχ ∼ O(100 GeV), which is the region where the (g − 2)µ anomaly can be explained.
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EW Phase transition



✤ 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
EW baryogenesis (EWBG)

B-preservation condition
h�i 6= 0

h�i = 0

symmetric phase

broken 

phase

nB = 0 ! nB 6= 0 (sphaleron proecess)
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baryogengesis occurs outside bubbles!

1st-order

EWPT!!
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Phenomenological 
Consequences



(g-2)μ vs. Z → μ+μ-

H, A

µ− Ek µ−

γ

(g-2)μ

Without any calculations, we know Z -> μ+μ- must deviate 
from the SM prediction in the (g-2)μ-favored region.



(g-2)μ vs. Z → μ+μ-
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We consider the Z decay in the case of mH << mA.
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FIG. 1. Representative Feynman diagrams for the one-loop
corrections to Z ! µ+µ�.

discuss the implications of the condition (6) for the Z
boson decays and (g � 2)µ.

Let us parametrize the Z boson couplings to fermions
as

L = �gZZµf̄�µ
h

gLZf̄fPL + gRZf̄fPR

i

f, (7)

where gZ = g2/cW with g2 being the SU(2) gauge cou-
pling and cW the cosine of the weak mixing angle. With
those Z boson couplings, the partial decay width of
Z ! `+`� can be written as

�(Z ! `+`�) =
mZ
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where the SM lepton masses are ignored. We prametrize
the new physics e↵ects as gL,R

Z ¯̀̀ = gL,R,SM
Z ¯̀̀ + �gL,R

Z ¯̀̀ . It
is straightforward to calculate the new physics e↵ects by
evaluating the Feynman diagrams as depicted in Fig. 1
(the leg correction to µ� also exists.). In the current
model, �gRZµ̄µ = 0 and

�gLZµ̄µ =
3|yµE |2
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where the loop functions F2, F3 and F̃3 are listed in Ap-
pendix A. One can show that �gLZµ̄µ ! 0 for m�('
mZ) ⌧ mE , mE(' mZ) ⌧ m�, and mZ ⌧ m� = mE as
long as m� = mH = mA. For mH , mE ⌧ mA, however,
�gLZµ̄µ would be enhanced by ln(m2

A/m2
H) that arises

from the correction of the middle triangle diagram and
the right leg corrections of µ± in Fig. 1. As a result, the
corrections to �(Z ! µ+µ�) in this limit is cast into the
form
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where C denotes non-logarithmic contributions. We are
aware of that such a non-decoupling behavior by the mass
splitting is already noticed in the calculation of Z ! bb̄
in the two-Higgs doublet model [36], and more recently
in the study of (g � 2)µ in the lepton-specific two-Higgs
doublet model [37]. 2 Nevertheless, to our best knowl-
edge, the importance of its correlation with SFOEWPT
has not been well-recognized in the literature and there-
fore detailed numerical studies will be conducted below.

Since the vector-like leptons couple only to µ± in this
model, the lepton flavor universality of Z boson decays
is violated. We thus utilize

Rµ/e =
�(Z ! µ+µ�)

�(Z ! e+e�)
(11)

to test this model precisely. Its current experimental
value is REXP

µ/e = 1.0009 ± 0.0028 [1]. Let us define the
deviation of Rµ/e from the SM value as
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where gL,SM
Zµ̄µ ' �0.27 and gR,SM

Zµ̄µ ' 0.23. As the experi-

mental constraints, we require that �Rµ/e < 2.8 ⇥ 10�3.
As is the case of �(Z ! µ+µ�), �(Z ! ⌫⌫̄) is also

modified by the new particles as
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and �gRZ⌫̄⌫ = 0. Unlike the Z ! µ+µ� case, �gLZ⌫̄⌫ does
not have the logarithmic enhancement due to the ab-
sence of the mass splitting. Since this quantity is always
numerically unimportant, we do not discuss it hencefor-
ward.

Here, we also make a comment on other experimen-
tal constraint, especially the W -µ-⌫µ coupling (�gLWµ⌫)
whose deviation from the SM induces the lepton flavor
non-universality in the muon decay. As with �gLZµ̄µ,

�gLWµ⌫ would receive the logarithmic enhancement of
ln(m2

A/m2
H) in the limit of mH ⌧ mA. In our parameter

space, however, Rµ/e gives the stronger bound than this
constraint so that we do not discuss it in the following.

2 In the lepton-specific model, leptonic ⌧ decays are also enhanced
by the similar logarithmic contribution, which is as important as
the Z boson decays [37–39].
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Dividing the SM and NP parts, 
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�gLZµ̄µ ! log enhancement of ln(m2
A/m

2
H)
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non-log terms m2
A �m2

H ' �3

2
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Limiting cases: 

- log enhancement is known in Z->bb in 2HDM [Haber, Logan, hep-ph/9909335(PRD)].

(mass splitting between neutral scalars)

- This is also emphasized in lepton-specific 2HDM [E. Chun, J. Kim, JHEP07(2016)110]



Giga/Tera-Z experiments can test this scenario.
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- ΔRμ/e is enhanced as mA 

increases. ∵ ln(mA/mH)

- SFOEWPT region is 

275 GeV≲ mA ≲ 350 GeV
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FIG. 1. Representative Feynman diagrams for the one-loop
corrections to Z ! µ+µ�.

discuss the implications of the condition (6) for the Z
boson decays and (g � 2)µ.

Let us parametrize the Z boson couplings to fermions
as

L = �gZZµf̄�µ
h

gLZf̄fPL + gRZf̄fPR

i

f, (7)

where gZ = g2/cW with g2 being the SU(2) gauge cou-
pling and cW the cosine of the weak mixing angle. With
those Z boson couplings, the partial decay width of
Z ! `+`� can be written as

�(Z ! `+`�) =
mZ

24⇡
g2Z

h

|gLZ ¯̀̀ |2 + |gRZ ¯̀̀ |2
i

, (8)

where the SM lepton masses are ignored. We parametrize
the new physics e↵ects as gL,R

Z ¯̀̀ = gL,R,SM
Z ¯̀̀ + �gL,R

Z ¯̀̀ . It
is straightforward to calculate the new physics e↵ects by
evaluating the Feynman diagrams as depicted in Fig. 1
(the leg correction to µ� also exists.). In the current
model, �gRZµ̄µ = 0 and

�gLZµ̄µ =
3|yµE |2
32⇡2

"

F̃3(mE , mH , mA)

+
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�=H,A
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(9)

where the loop functions F2, F3 and F̃3 are listed in
Appendix A. One can show that �gLZµ̄µ ! 0 for m�('
mZ) ⌧ mE , mE(' mZ) ⌧ m�, and mZ ⌧ m� = mE as
long as m� = mH = mA. For mH , mE ⌧ mA, however,
�gLZµ̄µ would be enhanced by ln(m2

A/m2
H) that arises

from the correction of the middle triangle diagram and
the right leg corrections of µ± in Fig. 1. As a result, the
corrections to �(Z ! µ+µ�) in this limit is cast into the
form

��(Z ! µ+µ�)

' m2
Zg2Z |yµE |2
128⇡3

✓

�1

2
+ s2W

◆

C +
1

4
ln

m2
A

m2
H

�

, (10)

where C denotes non-logarithmic contributions. We are
aware of that such a non-decoupling behavior by the mass
splitting is already noticed in the calculation of Z ! bb̄
in the two-Higgs doublet model [36], and more recently
in the study of (g � 2)µ in the lepton-specific two-Higgs
doublet model [37]. 2 Nevertheless, to our best knowl-
edge, the importance of its correlation with SFOEWPT
has not been well-recognized in the literature and there-
fore detailed numerical studies will be conducted below.

Since the vector-like leptons couple only to µ± in this
model, the lepton flavor universality of Z boson decays
is violated. We thus utilize

Rµ/e =
�(Z ! µ+µ�)

�(Z ! e+e�)
(11)

to test this model precisely. Its current experimental
value is REXP

µ/e = 1.0009 ± 0.0028 [1]. Let us define the
deviation of Rµ/e from the SM value as

�Rµ/e ⌘
Rµ/e � RSM

µ/e

RSM
µ/e

' 2gL,SM
Zµ̄µ Re

�

�gLZµ̄µ

�

+ |�gLZµ̄µ|2
|gL,SM

Zµ̄µ |2 + |gR,SM
Zµ̄µ |2 , (12)

where gL,SM
Zµ̄µ ' �0.27 and gR,SM

Zµ̄µ ' 0.23. As the experi-

mental constraints, we require that �Rµ/e < 2.8 ⇥ 10�3.
As is the case of �(Z ! µ+µ�), �(Z ! ⌫⌫̄) is also

modified by the new particles as

�gLZ⌫̄⌫

=
3|yµE |2
16⇡2



s2W

n

F3(mE , mH±) + F̃3(mE , mH± , mH±)
o

+
1

2

n

F2(mE , mH±) � F̃3(mE , mH± , mH±)
o

�

,

(13)

and �gRZ⌫̄⌫ = 0. Unlike the Z ! µ+µ� case, �gLZ⌫̄⌫ does
not have the logarithmic enhancement due to the ab-
sence of the mass splitting. Since this quantity is always
numerically unimportant, we do not discuss it hencefor-
ward.

Here, we also make a comment on other experimen-
tal constraint, especially the W -µ-⌫µ coupling (�gLWµ⌫)
whose deviation from the SM induces the lepton flavor
non-universality in the muon decay. As with �gLZµ̄µ,

�gLWµ⌫ would receive the logarithmic enhancement of
ln(m2

A/m2
H) in the limit of mH ⌧ mA. In our parameter

space, however, Rµ/e gives the stronger bound than this
constraint so that we do not discuss it in the following.

2 In the lepton-specific model, leptonic ⌧ decays are also enhanced
by the similar logarithmic contribution, which is as important as
the Z boson decays [37–39].

- this scenario is severely 
constraint by

Lepton flavor non-universality

yμE ≲ 0.5.



muon g-2 H, A

µ− Ek µ−

γ

For mH ⌧ mA, one finds
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- Effects of A is simply decoupled. (no log-enhancement). 3
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FIG. 1. Representative Feynman diagrams for the one-loop
corrections to Z ! µ+µ�.

discuss the implications of the condition (6) for the Z
boson decays and (g � 2)µ.

Let us parametrize the Z boson couplings to fermions
as

L = �gZZµf̄�µ
h

gLZf̄fPL + gRZf̄fPR

i

f, (7)

where gZ = g2/cW with g2 being the SU(2) gauge cou-
pling and cW the cosine of the weak mixing angle. With
those Z boson couplings, the partial decay width of
Z ! `+`� can be written as

�(Z ! `+`�) =
mZ
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where the SM lepton masses are ignored. We parametrize
the new physics e↵ects as gL,R

Z ¯̀̀ = gL,R,SM
Z ¯̀̀ + �gL,R

Z ¯̀̀ . It
is straightforward to calculate the new physics e↵ects by
evaluating the Feynman diagrams as depicted in Fig. 1
(the leg correction to µ� also exists.). In the current
model, �gRZµ̄µ = 0 and

�gLZµ̄µ =
3|yµE |2
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where the loop functions F2, F3 and F̃3 are listed in
Appendix A. One can show that �gLZµ̄µ ! 0 for m�('
mZ) ⌧ mE , mE(' mZ) ⌧ m�, and mZ ⌧ m� = mE as
long as m� = mH = mA. For mH , mE ⌧ mA, however,
�gLZµ̄µ would be enhanced by ln(m2

A/m2
H) that arises

from the correction of the middle triangle diagram and
the right leg corrections of µ± in Fig. 1. As a result, the
corrections to �(Z ! µ+µ�) in this limit is cast into the
form
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where C denotes non-logarithmic contributions. We are
aware of that such a non-decoupling behavior by the mass
splitting is already noticed in the calculation of Z ! bb̄
in the two-Higgs doublet model [36], and more recently
in the study of (g � 2)µ in the lepton-specific two-Higgs
doublet model [37]. 2 Nevertheless, to our best knowl-
edge, the importance of its correlation with SFOEWPT
has not been well-recognized in the literature and there-
fore detailed numerical studies will be conducted below.

Since the vector-like leptons couple only to µ± in this
model, the lepton flavor universality of Z boson decays
is violated. We thus utilize

Rµ/e =
�(Z ! µ+µ�)

�(Z ! e+e�)
(11)

to test this model precisely. Its current experimental
value is REXP

µ/e = 1.0009 ± 0.0028 [1]. Let us define the
deviation of Rµ/e from the SM value as

�Rµ/e ⌘
Rµ/e � RSM

µ/e
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' 2gL,SM
Zµ̄µ Re
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Zµ̄µ |2 + |gR,SM
Zµ̄µ |2 , (12)

where gL,SM
Zµ̄µ ' �0.27 and gR,SM

Zµ̄µ ' 0.23. As the experi-

mental constraints, we require that �Rµ/e < 2.8 ⇥ 10�3.
As is the case of �(Z ! µ+µ�), �(Z ! ⌫⌫̄) is also

modified by the new particles as

�gLZ⌫̄⌫

=
3|yµE |2
16⇡2



s2W

n

F3(mE , mH±) + F̃3(mE , mH± , mH±)
o

+
1

2

n

F2(mE , mH±) � F̃3(mE , mH± , mH±)
o

�

,

(13)

and �gRZ⌫̄⌫ = 0. Unlike the Z ! µ+µ� case, �gLZ⌫̄⌫ does
not have the logarithmic enhancement due to the ab-
sence of the mass splitting. Since this quantity is always
numerically unimportant, we do not discuss it hencefor-
ward.

Here, we also make a comment on other experimen-
tal constraint, especially the W -µ-⌫µ coupling (�gLWµ⌫)
whose deviation from the SM induces the lepton flavor
non-universality in the muon decay. As with �gLZµ̄µ,

�gLWµ⌫ would receive the logarithmic enhancement of
ln(m2

A/m2
H) in the limit of mH ⌧ mA. In our parameter

space, however, Rµ/e gives the stronger bound than this
constraint so that we do not discuss it in the following.

2 In the lepton-specific model, leptonic ⌧ decays are also enhanced
by the similar logarithmic contribution, which is as important as
the Z boson decays [37–39].

cf. Z->μ+μ-, log enhancement comes from 
However, no such diagrams in (g-2)μ.
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muon g-2

- very sensitive to yμE

- (g-2)μ can be explained at 


1σlevel if yμE ≃ 1.0.

- No regions that satisfy SFOEWPT & (g-2)μ simultaneously. 
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For mH ' 63 GeV, mE = 120 GeV
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- However, mA≲160 GeV due to

the Z decay constraint.



mh = 125 GeV

mH ' mh/2

ρ parameter strong 1st-order EWPT

105 GeV ≲ mE ≲ 125 GeV

DM & (g-2)μ
qq->EE->2μ+MET

mA ' mH± & 275 GeV
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We have studied the model with VL-leptons & inert doublet.
Summary

⌦DMh2 X
strong 1st-order EWPT X

observables predictions

(g � 2)µ outside 2� region

�(Z ! µ+µ�
)/�(Z ! e+e�) ' 10

�3

µ�� ' 0.9
� = �3h/�SM

3h & 1.2
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probed at Z factory



Backup



Z → νν
As is Z-> μ+μ-, Z->νν is modified.

Zµ

ν

ν̄

E

E

H± Zµ

ν

ν̄

H±

H±

E Zµ

ν

ν̄

E

H±

ν

�gLZ⌫̄⌫ =
3|yµE |2

16⇡2



s2W

n

F3(mE ,mH±) + F̃3(mE ,mH± ,mH±)
o

+
1

2

n

F2(mE ,mH±)� F̃3(mE ,mH± ,mH±)
o

�

,

�gRZ⌫̄⌫ = 0.
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In this decay, there is no log-enhancement since no mass 
splitting between H+ and H-.



W-μ-ν vertex
W-μ-ν vertex is also modified.

lepton flavor non-universality in muon decay

�gLWµ⌫µ
= �3|yµE |2

32⇡2



F̃3(mE ,mH± ,mH) + F̃3(mE ,mH± ,mA)

� 1

2

n

F2(mE ,mH) + F2(mE ,mA) + 2F2(mE ,mH±)
o

�

.
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For mH << mH+

This vertex is enhanced by the log correction.

�gLWµ⌫µ
' �3|yµE |2

32⇡2


(non-log terms) +

1

4

ln

m2
H±

m2
H

�
.
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However, Z->μ+μ- is more important numerically. 
In lepton-specific 2HDM, this correction can be more important.



e−

e+

Z/γ

µ−

µ+

E−

E+

H

e+e� ! �/Z ! E+E�
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Dominant contribution:
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- cross section is O(pb).

- cross section depends only mE.



what we need is 

Esph is proportional to the Higgs VEV

B-changing rate in the broken phase is

EWPT has to be “strong” 1st order!!

large Higgs VEV after the EWPT

Esph

�B = 3�NCS



How do we get 1st-order EWPT?
1st(2nd) order PT=discontinuities in 1st(2nd) derivatives of free energy (Veff)
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How do we get 1st-order EWPT?
1st(2nd) order PT=discontinuities in 1st(2nd) derivatives of free energy (Veff)

Negative contributions 

in Veff.

1st-order PT
⇓

From where?

1st order PT2nd order PT

-> thermal loops of 

A, H± in this model.



h → γγ

ASM = �6.49

µ2
2 ⌧ m2

H± is necessary to have strong 1st-order EWPT
-> charged Higgs loop does not decouple in this case.

[I.Ginzburg, M.Krawczyk, P.Osland, hep-ph/0211371]
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Baryon number density (nB)

nL is generated by scatterings b/w particles and bubbles.

Im

Re

bubble wall

`iL `iL

v(x) v(y)

SCPV
`iL

�CPC
`iL`jR

Diffusion eq. for nB:

DQn
00
B(z̄)� vwn

0
B(z̄)� ✓(�z̄)RnB(z̄) = ✓(�z̄)

3

2
�(sym)
B nL(z̄)

diffusion const. wall velocity back reaction sph. rate

z̄ < 0: sym-phase, z̄ > 0: br-phase

nB / nL / SCPV
`iL /

q
�CPC
`iL



SI DM-nucleon cross section

Enectali Figueroa-Feliciano  /  Aspen 2013 - Closing in on Dark Matter
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