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Key Themes 

• The experimental discovery of BSM CPV at the EW 
à TeV scale could hold the key to explaining the 
cosmic matter-antimatter asymmetry

• Electroweak baryogenesis (EWBG) connects this 
CPV to the origin of elementary particle masses 
through EW symmetry breaking 

• The ingredients for EWBG are experimentally 
accessible through a combination of low-energy 
symmetry tests, collider searches, and GW probes

• An exciting opportunity exists for inter-frontier 
synergy in the quest to pursue this quest
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Outline

I. Context

II. EWBG in a nutshell

III. EWBG in detail

• EW phase transition (brief)

• CPV & EDMs

IV. Outlook
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I. Context & Questions



Cosmic Baryon Asymmetry

One number ! IIII IIII IIII … Explanations

BARYOGENESIS THEORIES

Theory

Experiment can help:

• Discover ingredients
• Falsify candidates 
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Ingredients for Baryogenesis
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Ingredients for Baryogenesis

• B violation (sphalerons)

• C & CP violation 

• Out-of-equilibrium or 
CPT violation

Scenarios: leptogenesis, 
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold 
baryogenesis, post-
sphaleron baryogenesis…
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Standard Model BSM
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Fermion Masses & Baryon Asymmetry

Partners

Partners

Higgs Mechanism

Electroweak baryogenesis: 
Baryon asymmetry & mf from 
EW symmetry breaking

Something else ?

Leptogenesis: Baryon 
asymmetry & mn from 
lepton number violation

Fukugita & Yanagida ‘86 Kuzmin, Rubakov, & 
Shaposhnikov ‘85
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Thermal History

EWSB CMB (decoupl) & 
Recombination

Inflation Radiation Matter Vac

QGP-Had

BBN

Standard Thermal 
Leptogenesis

End of 
inflation + 
reheating

Electroweak 
Baryogenesis
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Fermion Masses & Baryon Asymmetry
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Higgs Mechanism
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Electroweak Baryogenesis

Was YB generated in conjunction with 
electroweak symmetry-breaking?
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II. EWB in a Nutshell
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EW Phase Transition: More Higgses & CPV
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IIIA. Electroweak Phase Transition

Conditions for Electroweak Baryogenesis ?
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EW Phase Transition: St’d Model
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Further, in order to facilitate the discussion of two-step
phase transitions, it will be useful to identify regions of
parameter space where the potential exhibits a secondary
local minimum at point!with positive masses. A straight-
forward calculation yields the condition for the existence
of a secondary minimum,

1

2
m2

H >
1

2

a2
b4

!
1

2
a2v

2
0 !m2

!

"
; (8)

which requires !2
! > 0 in Eq. (6).

In Fig. 2, we display the regions (shaded yellow and
blue) in the a2-b4 plane for which the vacuum stability
condition in Eq. (7) is satisfied, with the masses m! ¼
150 GeV and mH ¼ 125 GeV held fixed. The blue shaded
region indicates points where the requirement of Eq. (8)
is also satisfied and the potential has a secondary local
minimum at point !. To assist the reader in visualizing the
potential for various regions of parameter space, we pro-
vide illustrative plots in Fig. 3 of the potential for two
cases: (a) Equation (7) alone being satisfied, corresponding
to a representative point in the yellow region in Fig. 2, and
(b) both Eqs. (7) and (8) holding, corresponding to the
blue region in Fig. 2.

FIG. 3 (color online). Qualitative picture of the potential Vðh;"Þ of Eq. (4) in the two different regions of parameter space as
indicated in Fig. 2. Potential A (corresponding to regions A of Fig. 2) displays no critical point along the " direction, whereas Potential
B (corresponding to regions B of Fig. 2) exhibits a metastable minimum along the " direction.
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FIG. 2 (color online). Regions A (yellow striped) plus B (solid blue) indicate where the tree-level electroweak vacuum stability
condition of Eq. (7) is satisfied. Left panel: The m!-b4 plane for fixed mH ¼ 125 GeV, a2 ¼ 1:07. Right panel: the a2-b4 plane for
fixed mH ¼ 150 GeV, m! ¼ 150 GeV. The regions labeled B indicate where Eq. (8) is also satisfied and the tree-level potential
exhibits a metastable minimum along the neutral ! direction. Illustrative representations of the scalar potential for regions A and B are
indicated in the left and right panels of Fig. 3, respectively.

HIREN H. PATEL AND MICHAEL J. RAMSEY-MUSOLF PHYSICAL REVIEW D 88, 035013 (2013)

035013-4

Extrema can evolve differently as T evolves à
rich possibilities for symmetry breaking

Higgs phase

Higgs

BSM S
ca

lar

VEFF (H, F)

• What is the landscape 
of potentials and their 
thermal histories?

• How can we probe this 
T > 0 landscape 
experimentally ?

• How reliably can we 
compute the 
thermodynamics ?

How did we 
end up here ?
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Higgs precision tests

SM Higgs BSM Higgs
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Direct Production

Bubble Collisions

Grav Radiation

• How heavy or light can F
be ?

• How coupled to H ?

• Can it be discovered at 
the LHC or beyond ? 
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Figure 3. Schematic temperature dependence of the effective potential.

at very high temperatures. The breakdown of the perturbative expansion can be postponed by
resumming the most dangerous thermal corrections by incorporating thermal mass corrections
in the propagators. The net result of such a daisy resummation is to generate an additional term
in the effective potential [32]:
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where the sum runs only over scalars and longitudinal vectors, and m2 is the field-dependent
thermal squared mass:

m2(�) = m2(�) + 5(T ), (13)

with 5(T ) / T 2 the thermal contribution to the mass.
The daisy correction is particularly important for a first-order transition because it affects

primarily the crucial cubic term. For example, suppose the contribution to the cubic term
comes from a scalar with a zero-temperature mass of m2(�) = g�2 with a thermal correction of
5(T ) =  T 2. The would-be cubic term becomes
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1
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g�2 + T 2⇤3/2

. (14)

When 5(T ) is large relative to m2(�), this corrected expression ceases to behave as a cubic in
� and the phase transition might no longer be first-order.

When the EWPT is first-order, it proceeds by the nucleation of bubbles of the broken
phase within the surrounding plasma of the symmetric phase. Bubble nucleation is governed
by thermal tunneling [33] from the local minimum at � = 0 to a deeper minimum at � 6= 0. In
nucleating a bubble there is a competition between the decrease in free energy, proportional to
bubble volume, with the increase due to the tension of the wall, proportional to bubble area. As
such, there is a minimum radius for which a bubble can grow after it is formed, and this limits
the tunnelling rate. Bubble formation and growth only begins in earnest when this rate exceeds
the Hubble rate, which occurs at some temperature Tn < Tc, called the nucleation temperature.
Once a sufficiently large bubble is formed, it expands until it collides with other bubbles and
the Universe is filled with the broken phase. The typical profile and expansion rate of a bubble
wall can be computed from the effective potential [30, 34, 35], taking into account frictional

New Journal of Physics 14 (2012) 125003 (http://www.njp.org/)

h

Simple arguments: TEW + 
first order EWPT à
Mf < 700 GeV~

MJRM: 1912.07189

TEW ~ 140 GeV

Collider Target
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EDMs: New CPV?
• SM 
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EDMs &  EWBG: MSSM & Beyond
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EDMs &  EWBG: MSSM & Beyond

Heavy sfermions: LHC 
consistent & suppress 
1-loop EDMs

Sub-TeV EW-inos: LHC & EWB -
viable but non-universal phases
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EDMs &  EWBG: MSSM & Beyond

Heavy sfermions: LHC 
consistent & suppress 
1-loop EDMs

Sub-TeV EW-inos: LHC & EWB -
viable but non-universal phases
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FIG. 1. Left panel: the three physical parameters |NE

⌧µ|,
ImNE

⌧⌧ and ReNE

⌧⌧ as a function of the phase �E

⌧µ where only
the light green band is theoretically allowed. Right panel:
Constraints the magnitude and phase of NE

⌧⌧ from ⌧ ! µ�
and h ! ⌧⌧ . Here the whole region is allowed by h ! ⌧µ
with the choice NE

⌧µ = 2GeV. The other parameters are fixed
to be � � ↵ � ⇡/2 = 0.05, mH = 400GeV, mA0 = 600GeV
and mH± = 500GeV.

Higgs signal strength measurements in the ⌧⌧ channel
µ
⌧⌧ . In our model, the width is

�⌧⌧ =

p
2GFmh

8⇡
|m⌧s��↵ + c��↵N

E

⌧⌧
|2. (10)

Experimentally, ATLAS gives µ
⌧⌧

ATLAS
= 1.43+0.43

�0.37
[30]

while CMS favors a smaller one µ
⌧⌧

CMS
= 0.78± 0.27 [31].

We combine these two measurements by centralizing the
errors of ATLAS, assuming both to be Gaussian dis-
tributed, neglecting their correlations and defining a �

2

to obtain the 95%C.L. limit. The constraint on the mag-
nitude and phase of NE

⌧⌧
is shown in Fig. 1. Parametriz-

ing the h⌧̄ ⌧ coupling as [33],

�mf

v
(Rey⌧ ⌧̄ ⌧ + Imy⌧ ⌧̄ i�5⌧)h, (11)

this constraint is transformed to circular regions in the
Rey⌧ and Imy⌧ plane between the green dot-dashed lines
in Fig. 2. The inner sky blue band is for a more SM-like
coupling with ⌧ = 1±0.1 if the coupling is parametrized
as [33]

mf

v
⌧ (cos�⌧ ⌧̄ ⌧ + sin�⌧ ⌧̄ i�5⌧)h. (12)

Note these two are the direct constraints on the h⌧̄ ⌧ cou-
pling parameters as usually done in the literature. If start
from the weak basis parameters and for r⌧µ = 1.05, the
⌧⌧ region is shrinked to the green region.
Constraints from measurement of Br(h ! ⌧µ).

The flavor o↵-diagonal NE

⌧µ
generates h ! ⌧µ with width

�⌧µ =

p
2c2

��↵
GFmh

8⇡
|NE

⌧µ
|2, (13)

This LFV process has been searched by both ATLAS and
CMS. ATLAS sets an upper limit on the branching ratio
Br(h ! ⌧µ) < 1.85% at 95C.L. [3], while CMS gives a

best fit Br(h ! ⌧µ) = 0.84+0.39

�0.37
% as well as an upper

limit Br(h ! ⌧µ) < 1.51% at 95C.L. [9]. For r⌧µ = 1.05,
this branching ratio is correlated with h ! ⌧⌧ and is
shown as the brown arc in the Rey⌧ � Imy⌧ plane in
Fig. 2 where the current CMS upper limit 1.51% as well
as two prospective future measurements of 1%, 0.5% are
labeled as dashed lines while the CMS central values are
shown as light red arc.
The rare decay ⌧ ! µ�. The flavor o↵-diagonal
ha⌧̄LµR coupling also contributes to the rare decay ⌧ !
µ� with current experimental limit Br(⌧ ! µ�) <

4.4⇥ 10�8 [25] and is given by

Br(⌧ ! µ�) =
⌧⌧↵G

2

F
m

5

⌧

32⇡4
(|C7L|2 + |C2

7R
|), (14)

where ⌧⌧ = (290.3± 0.5)⇥ 10�15
s [26] is the life time of

⌧ and C7L/R are the Wilson coe�cients of the two dipole
operators

Q
L/R

7
=

e

8⇡2
m⌧ µ̄�

µ⌫(1⌥ �
5)⌧Fµ⌫ , (15)

defined by the e↵ective Hamiltonian [27] �GF [C7LQ
L

7
+

C7RQ
R

7
]/
p
2. They receive contributions from one loop

neutral and charged Higgs mediated diagrams and two
loop Barr-Zee type diagrams [28]. For the two loop part,
mainly two groups of diagrams contribute depending on
the external legs of the inner loops. The group with an ef-
fective ha�� vertex is induced by t, W± or H± loops and
the second group with e↵ective H

±
W

⌥
� vertex is gen-

erated by W
±, H±, t/b or µ/⌫⌧ in the loops. These two

loop results are adapted from leptonic EDM and MDM
calculations in Ref. [29]. The end results of C7L is pro-
portional to N

E ⇤
⌧µ

while C7R / N
E

µ⌧
= 0.

Electric and magnetic dipole moments. The one
loop contributions to muon MDM and EDM come from
exchanges of neutral scalars ha and is proportional to
the invariant N

E

⌧µ
N

E

µ⌧
= 0. The two loop Barr-Zee

type diagrams have similar topology as that in ⌧ ! µ�.
Especially the CP-violating ha⌧̄ ⌧ generates an CP-odd
haF̃µ⌫F

µ⌫ operator in the inner loop. All these contribu-
tions vanishes since light lepton masses and the relevant
couplings are neglected in our setup.
Collider sensitivities of a CP-violating h⌧̄ ⌧ . The
CPV associated with the invariant JE represents a di↵er-
ent origin of CPV as compared with the case where the
CP-violating h⌧̄ ⌧ comes from mixing between CP-even
and CP-odd Higgs scalars originating from the CPV in
the potential which is highly constrained by EDM lim-
its [32]. Studies on collider sensitivies of a CP-violating
h⌧̄ ⌧ employing the ⇢ decay plane method and the im-
pact parameter method show that the phase �⌧ can be
determined with an uncertainty of 15

�
(9

�
) at the LHC

with an integrated luminosity of 150fb�1(500fb�1) while
⇡ 4

�
with 3ab�1 can be achieved [33]. At Higgs factories,

this phase can be measured with ⇡ 4.4
�
accuracy with a

250GeV run and 1ab�1 luminosity [34].

Mass basis (T=0)

2

Two Higgs Doublet Model. The 2HDM naturally
provides LFV interactions at tree level if both Higgs dou-
blets couple to the right handed leptons. Since our focus
is on CPV in the lepton sector, we assume the potential
to be CP-conserving and provides a strongly first order
EWPT [21]. The particle spectrum then consists of five
scalars with two CP-even h,H, one CP-odd A0, a pair
of charged scalars H± and the lighter h is defined as the
SM Higgs. The SU(2)L⌦U(1)Y invariant weak eigenba-
sis Yukawa interactions in the lepton sector is

L Lepton

Yukawa
= �E

i

L

⇥
(Y E

1
)ij�1 + (Y E

2
)ij�2

⇤
e
j

R
+ h.c.,(2)

where �1,2 are the two Higgs doublets with the same hy-
percharge, Ei

L
is the left-handed lepton doublet in fam-

ily “i” and e
j

R
is the right-handed lepton singlet in fam-

ily “j”. We focus now on the two ⌧ � µ families, ne-
glect the muon mass at first approximatioin and assume
the Yukawa structures are such that the relevant up and
down type quarks have similar couplings as those in SM.

The relevant Jarlskog-like CPV invariant that is the
origin of both BAU and h⌧̄ ⌧ is the imaginary part of the
following basis invariant [16],

JE =
1

v2µ
HB

12

2X

a,b,c=1

vav
⇤
b
µbc

X

ij=⌧,µ

(Y E

c
)ij(Y

E†
a

)ji, (3)

with here µab the coe�cient of �†
a
�b in the potential

and µ
HB

ij
the corresponding coe�cient in the Higgs ba-

sis [12, 16]. Here the basis transformation refers to the
U(2) Higgs basis transformation as well as lepton fam-
ily transformations. Fixing the Higgs basis definition of
the two Higgs doublets, µHB

ij
is an unique real quantity

indepenent of basis choices. Note this invariant takes
di↵erent forms in weak eigenbasis which is convenient for
BAU calculations as opposed to that in mass eigenbasis
which is better for phenomenological analysis.

In weak eigenbasis, the mass matrix is one linear com-
bination of the two Yukawa matrices,

M
E = (v1Y

E

1
+ v2Y

E

2
)/
p
2, (4)

and at zero temperature it is bidiagonalized to be the
mass matrix for leptons. The textures of this mass matrix
is highly constrained by the diagonalization procedure
and we choose the type where only the elements in the
second row Y

E

1/2,⌧µ
, Y

E

1/2,⌧⌧
are non-vanishing. In this

case, after all possible rephasings of the lepton and Higgs
fields, only one of the four Yukawa matrix elements can
be complex which we choose to be Y E

1,⌧µ
and the resulting

o↵-diagonal mass matrix element can be parametrized as

M
E

⌧µ
=

vs�p
2
Y

E

2,⌧µ
[1 + cot� sgn(Y E

2,⌧µ
)r⌧µe

i�
E
⌧µ ], (5)

with r⌧µ ⌘ |Y E

1,⌧µ
|/|Y E

2,⌧µ
|. We further assume the

diagonal elements of the two Yukawa matrices to be
equal and positive for simplicity giving then M

E

⌧⌧
=

vY
E

2,⌧⌧
(s� + c�)/

p
2. From the diagonalization condi-

tioin |ME

⌧µ
|2 + |ME

⌧⌧
|2 = m

2

⌧
, we can solve Y

E

2,⌧⌧
=q

2(m2
⌧
� |ME

⌧µ
|2)/|v(s�+c�)|, which leads to the natural

requirement |ME

⌧µ
|  m⌧ . Counting degrees of freedom

in weak basis, we have |Y E

2,⌧µ
|, �E

⌧µ
, r⌧µ and �. Our study

will be fixed at tan� = 1.
The other linear combination of the Yukawa matrices

(�v2Y
E

1
+v1Y

E

2
)/
p
2 generally can not be simultaneously

diagonalized and we denote its two non-vanishing matrix
elements in mass eigenbasis by N

E

⌧µ
, NE

⌧⌧
while N

E

µ⌧
=

N
E

µµ
= 0. Phenomenologically, NE

⌧⌧
controls the Higgs

coupling to ⌧̄ ⌧ ,

�1

v
⌧L⌧R[h(m⌧s��↵ +N

E

⌧⌧
c��↵)

+H(m⌧ c��↵ �N
E

⌧⌧
s��↵) + iA0N

E

⌧⌧
] + h.c., (6)

where ↵ is the mixing angle between the two CP-even
Higgs scalars and the real and imaginary part of NE

⌧⌧
is

related respectively to that of JE ,

Re(NE

⌧⌧
) =

v
2
µ
HB

12
ReJE � 2µHB

11
m

2

⌧

2µHB

12
m⌧

tan �=1

=
v
2|Y E

2,⌧µ
|2

4m⌧

(1� r
2

⌧µ
),

Im(NE

⌧⌧
) =

v
2ImJE

2m⌧

=
v
2(�Y

E

2,⌧µ
ImY

E

1,⌧µ
)

2m⌧

. (7)

The o↵-diagonal element NE

⌧µ
controls the strength of the

Higgs LFV couplings

�
N

E

⌧µ

v
⌧LµR(c��↵h� s��↵H + iA0) + h.c., (8)

and its expression in terms of weak basis parameters is

N
E

⌧µ
= e

i�

����N
E

⌧⌧

M
E

⌧⌧

ME
⌧µ

���� , (9)

where � is an aribitrary phase undetermined from the
diagonalization procedure and can be adjusted to give a
CP-conserving h⌧µ. In fact, the absence of CPV for h⌧µ
does not depend on the choice of this arbitrary phase
since the corresponding CPV observables only depend
on invariant quantities like N

E

⌧µ
N

E

µ⌧
which vanish here.

Finally the charged Higgs interactions is governed by
�
p
2/vH+

⌫
i

L
N

E

ij
e
j

R
+ h.c.. The three physical param-

eters ReNE
⌧⌧ , ImN

E
⌧⌧ and N

E

⌧µ
depend on three weak

basis parameters |Y E

2,⌧µ
|, �E

⌧µ
and r⌧µ. For a restricted

weak basis prameter space like for a fixed r⌧µ, the phys-
ical parameters become dependent(Note r⌧µ is required
by the condition |ME

⌧µ
|  m⌧ to be close to 1). Inverting

Eq. 7, we solve |Y E

2,⌧µ
| and sin�E

⌧µ
as a function of ReNE

⌧⌧

and ImN
E

⌧⌧
. Eq. 9 then implies that h ! ⌧µ and ⌧ ! µ�

depend on h ! ⌧⌧ .

Higgs signal strength measurement. The diagonal
N

E

⌧⌧
enters the decay h ! ⌧⌧ and thus is constrained by

Flavor basis (high T)
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FIG. 1. Left panel: the three physical parameters |NE

⌧µ|,
ImNE

⌧⌧ and ReNE

⌧⌧ as a function of the phase �E

⌧µ where only
the light green band is theoretically allowed. Right panel:
Constraints the magnitude and phase of NE

⌧⌧ from ⌧ ! µ�
and h ! ⌧⌧ . Here the whole region is allowed by h ! ⌧µ
with the choice NE

⌧µ = 2GeV. The other parameters are fixed
to be � � ↵ � ⇡/2 = 0.05, mH = 400GeV, mA0 = 600GeV
and mH± = 500GeV.

Higgs signal strength measurements in the ⌧⌧ channel
µ
⌧⌧ . In our model, the width is

�⌧⌧ =

p
2GFmh

8⇡
|m⌧s��↵ + c��↵N

E

⌧⌧
|2. (10)

Experimentally, ATLAS gives µ
⌧⌧

ATLAS
= 1.43+0.43

�0.37
[30]

while CMS favors a smaller one µ
⌧⌧

CMS
= 0.78± 0.27 [31].

We combine these two measurements by centralizing the
errors of ATLAS, assuming both to be Gaussian dis-
tributed, neglecting their correlations and defining a �

2

to obtain the 95%C.L. limit. The constraint on the mag-
nitude and phase of NE

⌧⌧
is shown in Fig. 1. Parametriz-

ing the h⌧̄ ⌧ coupling as [33],

�mf

v
(Rey⌧ ⌧̄ ⌧ + Imy⌧ ⌧̄ i�5⌧)h, (11)

this constraint is transformed to circular regions in the
Rey⌧ and Imy⌧ plane between the green dot-dashed lines
in Fig. 2. The inner sky blue band is for a more SM-like
coupling with ⌧ = 1±0.1 if the coupling is parametrized
as [33]

mf

v
⌧ (cos�⌧ ⌧̄ ⌧ + sin�⌧ ⌧̄ i�5⌧)h. (12)

Note these two are the direct constraints on the h⌧̄ ⌧ cou-
pling parameters as usually done in the literature. If start
from the weak basis parameters and for r⌧µ = 1.05, the
⌧⌧ region is shrinked to the green region.
Constraints from measurement of Br(h ! ⌧µ).

The flavor o↵-diagonal NE

⌧µ
generates h ! ⌧µ with width

�⌧µ =

p
2c2

��↵
GFmh

8⇡
|NE

⌧µ
|2, (13)

This LFV process has been searched by both ATLAS and
CMS. ATLAS sets an upper limit on the branching ratio
Br(h ! ⌧µ) < 1.85% at 95C.L. [3], while CMS gives a

best fit Br(h ! ⌧µ) = 0.84+0.39

�0.37
% as well as an upper

limit Br(h ! ⌧µ) < 1.51% at 95C.L. [9]. For r⌧µ = 1.05,
this branching ratio is correlated with h ! ⌧⌧ and is
shown as the brown arc in the Rey⌧ � Imy⌧ plane in
Fig. 2 where the current CMS upper limit 1.51% as well
as two prospective future measurements of 1%, 0.5% are
labeled as dashed lines while the CMS central values are
shown as light red arc.
The rare decay ⌧ ! µ�. The flavor o↵-diagonal
ha⌧̄LµR coupling also contributes to the rare decay ⌧ !
µ� with current experimental limit Br(⌧ ! µ�) <

4.4⇥ 10�8 [25] and is given by

Br(⌧ ! µ�) =
⌧⌧↵G

2

F
m

5

⌧

32⇡4
(|C7L|2 + |C2

7R
|), (14)

where ⌧⌧ = (290.3± 0.5)⇥ 10�15
s [26] is the life time of

⌧ and C7L/R are the Wilson coe�cients of the two dipole
operators

Q
L/R

7
=

e

8⇡2
m⌧ µ̄�

µ⌫(1⌥ �
5)⌧Fµ⌫ , (15)

defined by the e↵ective Hamiltonian [27] �GF [C7LQ
L

7
+

C7RQ
R

7
]/
p
2. They receive contributions from one loop

neutral and charged Higgs mediated diagrams and two
loop Barr-Zee type diagrams [28]. For the two loop part,
mainly two groups of diagrams contribute depending on
the external legs of the inner loops. The group with an ef-
fective ha�� vertex is induced by t, W± or H± loops and
the second group with e↵ective H

±
W

⌥
� vertex is gen-

erated by W
±, H±, t/b or µ/⌫⌧ in the loops. These two

loop results are adapted from leptonic EDM and MDM
calculations in Ref. [29]. The end results of C7L is pro-
portional to N

E ⇤
⌧µ

while C7R / N
E

µ⌧
= 0.

Electric and magnetic dipole moments. The one
loop contributions to muon MDM and EDM come from
exchanges of neutral scalars ha and is proportional to
the invariant N

E

⌧µ
N

E

µ⌧
= 0. The two loop Barr-Zee

type diagrams have similar topology as that in ⌧ ! µ�.
Especially the CP-violating ha⌧̄ ⌧ generates an CP-odd
haF̃µ⌫F

µ⌫ operator in the inner loop. All these contribu-
tions vanishes since light lepton masses and the relevant
couplings are neglected in our setup.
Collider sensitivities of a CP-violating h⌧̄ ⌧ . The
CPV associated with the invariant JE represents a di↵er-
ent origin of CPV as compared with the case where the
CP-violating h⌧̄ ⌧ comes from mixing between CP-even
and CP-odd Higgs scalars originating from the CPV in
the potential which is highly constrained by EDM lim-
its [32]. Studies on collider sensitivies of a CP-violating
h⌧̄ ⌧ employing the ⇢ decay plane method and the im-
pact parameter method show that the phase �⌧ can be
determined with an uncertainty of 15

�
(9

�
) at the LHC

with an integrated luminosity of 150fb�1(500fb�1) while
⇡ 4

�
with 3ab�1 can be achieved [33]. At Higgs factories,

this phase can be measured with ⇡ 4.4
�
accuracy with a

250GeV run and 1ab�1 luminosity [34].

Mass basis (T=0)

2

Two Higgs Doublet Model. The 2HDM naturally
provides LFV interactions at tree level if both Higgs dou-
blets couple to the right handed leptons. Since our focus
is on CPV in the lepton sector, we assume the potential
to be CP-conserving and provides a strongly first order
EWPT [21]. The particle spectrum then consists of five
scalars with two CP-even h,H, one CP-odd A0, a pair
of charged scalars H± and the lighter h is defined as the
SM Higgs. The SU(2)L⌦U(1)Y invariant weak eigenba-
sis Yukawa interactions in the lepton sector is

L Lepton

Yukawa
= �E

i

L

⇥
(Y E

1
)ij�1 + (Y E

2
)ij�2

⇤
e
j

R
+ h.c.,(2)

where �1,2 are the two Higgs doublets with the same hy-
percharge, Ei

L
is the left-handed lepton doublet in fam-

ily “i” and e
j

R
is the right-handed lepton singlet in fam-

ily “j”. We focus now on the two ⌧ � µ families, ne-
glect the muon mass at first approximatioin and assume
the Yukawa structures are such that the relevant up and
down type quarks have similar couplings as those in SM.

The relevant Jarlskog-like CPV invariant that is the
origin of both BAU and h⌧̄ ⌧ is the imaginary part of the
following basis invariant [16],

JE =
1

v2µ
HB

12

2X

a,b,c=1

vav
⇤
b
µbc

X

ij=⌧,µ

(Y E

c
)ij(Y

E†
a

)ji, (3)

with here µab the coe�cient of �†
a
�b in the potential

and µ
HB

ij
the corresponding coe�cient in the Higgs ba-

sis [12, 16]. Here the basis transformation refers to the
U(2) Higgs basis transformation as well as lepton fam-
ily transformations. Fixing the Higgs basis definition of
the two Higgs doublets, µHB

ij
is an unique real quantity

indepenent of basis choices. Note this invariant takes
di↵erent forms in weak eigenbasis which is convenient for
BAU calculations as opposed to that in mass eigenbasis
which is better for phenomenological analysis.

In weak eigenbasis, the mass matrix is one linear com-
bination of the two Yukawa matrices,

M
E = (v1Y

E

1
+ v2Y

E

2
)/
p
2, (4)

and at zero temperature it is bidiagonalized to be the
mass matrix for leptons. The textures of this mass matrix
is highly constrained by the diagonalization procedure
and we choose the type where only the elements in the
second row Y

E

1/2,⌧µ
, Y

E

1/2,⌧⌧
are non-vanishing. In this

case, after all possible rephasings of the lepton and Higgs
fields, only one of the four Yukawa matrix elements can
be complex which we choose to be Y E

1,⌧µ
and the resulting

o↵-diagonal mass matrix element can be parametrized as

M
E

⌧µ
=

vs�p
2
Y

E

2,⌧µ
[1 + cot� sgn(Y E

2,⌧µ
)r⌧µe

i�
E
⌧µ ], (5)

with r⌧µ ⌘ |Y E

1,⌧µ
|/|Y E

2,⌧µ
|. We further assume the

diagonal elements of the two Yukawa matrices to be
equal and positive for simplicity giving then M

E

⌧⌧
=

vY
E

2,⌧⌧
(s� + c�)/

p
2. From the diagonalization condi-

tioin |ME

⌧µ
|2 + |ME

⌧⌧
|2 = m

2

⌧
, we can solve Y

E

2,⌧⌧
=q

2(m2
⌧
� |ME

⌧µ
|2)/|v(s�+c�)|, which leads to the natural

requirement |ME

⌧µ
|  m⌧ . Counting degrees of freedom

in weak basis, we have |Y E

2,⌧µ
|, �E

⌧µ
, r⌧µ and �. Our study

will be fixed at tan� = 1.
The other linear combination of the Yukawa matrices

(�v2Y
E

1
+v1Y

E

2
)/
p
2 generally can not be simultaneously

diagonalized and we denote its two non-vanishing matrix
elements in mass eigenbasis by N

E

⌧µ
, NE

⌧⌧
while N

E

µ⌧
=

N
E

µµ
= 0. Phenomenologically, NE

⌧⌧
controls the Higgs

coupling to ⌧̄ ⌧ ,

�1

v
⌧L⌧R[h(m⌧s��↵ +N

E

⌧⌧
c��↵)

+H(m⌧ c��↵ �N
E

⌧⌧
s��↵) + iA0N

E

⌧⌧
] + h.c., (6)

where ↵ is the mixing angle between the two CP-even
Higgs scalars and the real and imaginary part of NE

⌧⌧
is

related respectively to that of JE ,

Re(NE

⌧⌧
) =

v
2
µ
HB

12
ReJE � 2µHB

11
m

2

⌧

2µHB

12
m⌧

tan �=1

=
v
2|Y E

2,⌧µ
|2

4m⌧

(1� r
2

⌧µ
),

Im(NE

⌧⌧
) =

v
2ImJE

2m⌧

=
v
2(�Y

E

2,⌧µ
ImY

E

1,⌧µ
)

2m⌧

. (7)

The o↵-diagonal element NE

⌧µ
controls the strength of the

Higgs LFV couplings

�
N

E

⌧µ

v
⌧LµR(c��↵h� s��↵H + iA0) + h.c., (8)

and its expression in terms of weak basis parameters is

N
E

⌧µ
= e

i�

����N
E

⌧⌧

M
E

⌧⌧

ME
⌧µ

���� , (9)

where � is an aribitrary phase undetermined from the
diagonalization procedure and can be adjusted to give a
CP-conserving h⌧µ. In fact, the absence of CPV for h⌧µ
does not depend on the choice of this arbitrary phase
since the corresponding CPV observables only depend
on invariant quantities like N

E

⌧µ
N

E

µ⌧
which vanish here.

Finally the charged Higgs interactions is governed by
�
p
2/vH+

⌫
i

L
N

E

ij
e
j

R
+ h.c.. The three physical param-

eters ReNE
⌧⌧ , ImN

E
⌧⌧ and N

E

⌧µ
depend on three weak

basis parameters |Y E

2,⌧µ
|, �E

⌧µ
and r⌧µ. For a restricted

weak basis prameter space like for a fixed r⌧µ, the phys-
ical parameters become dependent(Note r⌧µ is required
by the condition |ME

⌧µ
|  m⌧ to be close to 1). Inverting

Eq. 7, we solve |Y E

2,⌧µ
| and sin�E

⌧µ
as a function of ReNE

⌧⌧

and ImN
E

⌧⌧
. Eq. 9 then implies that h ! ⌧µ and ⌧ ! µ�

depend on h ! ⌧⌧ .

Higgs signal strength measurement. The diagonal
N

E

⌧⌧
enters the decay h ! ⌧⌧ and thus is constrained by

Flavor basis (high T)

CPV h ! tt
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FIG. 1. Left panel: the three physical parameters |NE

⌧µ|,
ImNE

⌧⌧ and ReNE

⌧⌧ as a function of the phase �E

⌧µ where only
the light green band is theoretically allowed. Right panel:
Constraints the magnitude and phase of NE

⌧⌧ from ⌧ ! µ�
and h ! ⌧⌧ . Here the whole region is allowed by h ! ⌧µ
with the choice NE

⌧µ = 2GeV. The other parameters are fixed
to be � � ↵ � ⇡/2 = 0.05, mH = 400GeV, mA0 = 600GeV
and mH± = 500GeV.

Higgs signal strength measurements in the ⌧⌧ channel
µ
⌧⌧ . In our model, the width is

�⌧⌧ =

p
2GFmh

8⇡
|m⌧s��↵ + c��↵N

E

⌧⌧
|2. (10)

Experimentally, ATLAS gives µ
⌧⌧

ATLAS
= 1.43+0.43

�0.37
[30]

while CMS favors a smaller one µ
⌧⌧

CMS
= 0.78± 0.27 [31].

We combine these two measurements by centralizing the
errors of ATLAS, assuming both to be Gaussian dis-
tributed, neglecting their correlations and defining a �

2

to obtain the 95%C.L. limit. The constraint on the mag-
nitude and phase of NE

⌧⌧
is shown in Fig. 1. Parametriz-

ing the h⌧̄ ⌧ coupling as [33],

�mf

v
(Rey⌧ ⌧̄ ⌧ + Imy⌧ ⌧̄ i�5⌧)h, (11)

this constraint is transformed to circular regions in the
Rey⌧ and Imy⌧ plane between the green dot-dashed lines
in Fig. 2. The inner sky blue band is for a more SM-like
coupling with ⌧ = 1±0.1 if the coupling is parametrized
as [33]

mf

v
⌧ (cos�⌧ ⌧̄ ⌧ + sin�⌧ ⌧̄ i�5⌧)h. (12)

Note these two are the direct constraints on the h⌧̄ ⌧ cou-
pling parameters as usually done in the literature. If start
from the weak basis parameters and for r⌧µ = 1.05, the
⌧⌧ region is shrinked to the green region.
Constraints from measurement of Br(h ! ⌧µ).

The flavor o↵-diagonal NE

⌧µ
generates h ! ⌧µ with width

�⌧µ =

p
2c2

��↵
GFmh

8⇡
|NE

⌧µ
|2, (13)

This LFV process has been searched by both ATLAS and
CMS. ATLAS sets an upper limit on the branching ratio
Br(h ! ⌧µ) < 1.85% at 95C.L. [3], while CMS gives a

best fit Br(h ! ⌧µ) = 0.84+0.39

�0.37
% as well as an upper

limit Br(h ! ⌧µ) < 1.51% at 95C.L. [9]. For r⌧µ = 1.05,
this branching ratio is correlated with h ! ⌧⌧ and is
shown as the brown arc in the Rey⌧ � Imy⌧ plane in
Fig. 2 where the current CMS upper limit 1.51% as well
as two prospective future measurements of 1%, 0.5% are
labeled as dashed lines while the CMS central values are
shown as light red arc.
The rare decay ⌧ ! µ�. The flavor o↵-diagonal
ha⌧̄LµR coupling also contributes to the rare decay ⌧ !
µ� with current experimental limit Br(⌧ ! µ�) <

4.4⇥ 10�8 [25] and is given by

Br(⌧ ! µ�) =
⌧⌧↵G

2

F
m

5

⌧

32⇡4
(|C7L|2 + |C2

7R
|), (14)

where ⌧⌧ = (290.3± 0.5)⇥ 10�15
s [26] is the life time of

⌧ and C7L/R are the Wilson coe�cients of the two dipole
operators

Q
L/R

7
=

e

8⇡2
m⌧ µ̄�

µ⌫(1⌥ �
5)⌧Fµ⌫ , (15)

defined by the e↵ective Hamiltonian [27] �GF [C7LQ
L

7
+

C7RQ
R

7
]/
p
2. They receive contributions from one loop

neutral and charged Higgs mediated diagrams and two
loop Barr-Zee type diagrams [28]. For the two loop part,
mainly two groups of diagrams contribute depending on
the external legs of the inner loops. The group with an ef-
fective ha�� vertex is induced by t, W± or H± loops and
the second group with e↵ective H

±
W

⌥
� vertex is gen-

erated by W
±, H±, t/b or µ/⌫⌧ in the loops. These two

loop results are adapted from leptonic EDM and MDM
calculations in Ref. [29]. The end results of C7L is pro-
portional to N

E ⇤
⌧µ

while C7R / N
E

µ⌧
= 0.

Electric and magnetic dipole moments. The one
loop contributions to muon MDM and EDM come from
exchanges of neutral scalars ha and is proportional to
the invariant N

E

⌧µ
N

E

µ⌧
= 0. The two loop Barr-Zee

type diagrams have similar topology as that in ⌧ ! µ�.
Especially the CP-violating ha⌧̄ ⌧ generates an CP-odd
haF̃µ⌫F

µ⌫ operator in the inner loop. All these contribu-
tions vanishes since light lepton masses and the relevant
couplings are neglected in our setup.
Collider sensitivities of a CP-violating h⌧̄ ⌧ . The
CPV associated with the invariant JE represents a di↵er-
ent origin of CPV as compared with the case where the
CP-violating h⌧̄ ⌧ comes from mixing between CP-even
and CP-odd Higgs scalars originating from the CPV in
the potential which is highly constrained by EDM lim-
its [32]. Studies on collider sensitivies of a CP-violating
h⌧̄ ⌧ employing the ⇢ decay plane method and the im-
pact parameter method show that the phase �⌧ can be
determined with an uncertainty of 15

�
(9

�
) at the LHC

with an integrated luminosity of 150fb�1(500fb�1) while
⇡ 4

�
with 3ab�1 can be achieved [33]. At Higgs factories,

this phase can be measured with ⇡ 4.4
�
accuracy with a

250GeV run and 1ab�1 luminosity [34].

m2 ⇡ MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

Lmass = yL̄H̃NR + h.c. + mNN̄RN
C

R
(39)

Lmass =
y

⇤
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c
HH

T
L + h.c. (40)
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D

MR

(42)
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s
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Mass basis (T=0)

2

Two Higgs Doublet Model. The 2HDM naturally
provides LFV interactions at tree level if both Higgs dou-
blets couple to the right handed leptons. Since our focus
is on CPV in the lepton sector, we assume the potential
to be CP-conserving and provides a strongly first order
EWPT [21]. The particle spectrum then consists of five
scalars with two CP-even h,H, one CP-odd A0, a pair
of charged scalars H± and the lighter h is defined as the
SM Higgs. The SU(2)L⌦U(1)Y invariant weak eigenba-
sis Yukawa interactions in the lepton sector is

L Lepton

Yukawa
= �E

i

L

⇥
(Y E

1
)ij�1 + (Y E

2
)ij�2

⇤
e
j

R
+ h.c.,(2)

where �1,2 are the two Higgs doublets with the same hy-
percharge, Ei

L
is the left-handed lepton doublet in fam-

ily “i” and e
j

R
is the right-handed lepton singlet in fam-

ily “j”. We focus now on the two ⌧ � µ families, ne-
glect the muon mass at first approximatioin and assume
the Yukawa structures are such that the relevant up and
down type quarks have similar couplings as those in SM.

The relevant Jarlskog-like CPV invariant that is the
origin of both BAU and h⌧̄ ⌧ is the imaginary part of the
following basis invariant [16],

JE =
1

v2µ
HB

12

2X

a,b,c=1

vav
⇤
b
µbc

X

ij=⌧,µ

(Y E

c
)ij(Y

E†
a

)ji, (3)

with here µab the coe�cient of �†
a
�b in the potential

and µ
HB

ij
the corresponding coe�cient in the Higgs ba-

sis [12, 16]. Here the basis transformation refers to the
U(2) Higgs basis transformation as well as lepton fam-
ily transformations. Fixing the Higgs basis definition of
the two Higgs doublets, µHB

ij
is an unique real quantity

indepenent of basis choices. Note this invariant takes
di↵erent forms in weak eigenbasis which is convenient for
BAU calculations as opposed to that in mass eigenbasis
which is better for phenomenological analysis.

In weak eigenbasis, the mass matrix is one linear com-
bination of the two Yukawa matrices,

M
E = (v1Y

E

1
+ v2Y

E

2
)/
p
2, (4)

and at zero temperature it is bidiagonalized to be the
mass matrix for leptons. The textures of this mass matrix
is highly constrained by the diagonalization procedure
and we choose the type where only the elements in the
second row Y

E

1/2,⌧µ
, Y

E

1/2,⌧⌧
are non-vanishing. In this

case, after all possible rephasings of the lepton and Higgs
fields, only one of the four Yukawa matrix elements can
be complex which we choose to be Y E

1,⌧µ
and the resulting

o↵-diagonal mass matrix element can be parametrized as

M
E

⌧µ
=

vs�p
2
Y

E

2,⌧µ
[1 + cot� sgn(Y E

2,⌧µ
)r⌧µe

i�
E
⌧µ ], (5)

with r⌧µ ⌘ |Y E

1,⌧µ
|/|Y E

2,⌧µ
|. We further assume the

diagonal elements of the two Yukawa matrices to be
equal and positive for simplicity giving then M

E

⌧⌧
=

vY
E

2,⌧⌧
(s� + c�)/

p
2. From the diagonalization condi-

tioin |ME

⌧µ
|2 + |ME

⌧⌧
|2 = m

2

⌧
, we can solve Y

E

2,⌧⌧
=q

2(m2
⌧
� |ME

⌧µ
|2)/|v(s�+c�)|, which leads to the natural

requirement |ME

⌧µ
|  m⌧ . Counting degrees of freedom

in weak basis, we have |Y E

2,⌧µ
|, �E

⌧µ
, r⌧µ and �. Our study

will be fixed at tan� = 1.
The other linear combination of the Yukawa matrices

(�v2Y
E

1
+v1Y

E

2
)/
p
2 generally can not be simultaneously

diagonalized and we denote its two non-vanishing matrix
elements in mass eigenbasis by N

E

⌧µ
, NE

⌧⌧
while N

E

µ⌧
=

N
E

µµ
= 0. Phenomenologically, NE

⌧⌧
controls the Higgs

coupling to ⌧̄ ⌧ ,

�1

v
⌧L⌧R[h(m⌧s��↵ +N

E

⌧⌧
c��↵)

+H(m⌧ c��↵ �N
E

⌧⌧
s��↵) + iA0N

E

⌧⌧
] + h.c., (6)

where ↵ is the mixing angle between the two CP-even
Higgs scalars and the real and imaginary part of NE

⌧⌧
is

related respectively to that of JE ,

Re(NE

⌧⌧
) =

v
2
µ
HB

12
ReJE � 2µHB

11
m

2

⌧

2µHB

12
m⌧

tan �=1

=
v
2|Y E

2,⌧µ
|2

4m⌧

(1� r
2

⌧µ
),

Im(NE

⌧⌧
) =

v
2ImJE

2m⌧

=
v
2(�Y

E

2,⌧µ
ImY

E

1,⌧µ
)

2m⌧

. (7)

The o↵-diagonal element NE

⌧µ
controls the strength of the

Higgs LFV couplings

�
N

E

⌧µ

v
⌧LµR(c��↵h� s��↵H + iA0) + h.c., (8)

and its expression in terms of weak basis parameters is

N
E

⌧µ
= e

i�

����N
E

⌧⌧

M
E

⌧⌧

ME
⌧µ

���� , (9)

where � is an aribitrary phase undetermined from the
diagonalization procedure and can be adjusted to give a
CP-conserving h⌧µ. In fact, the absence of CPV for h⌧µ
does not depend on the choice of this arbitrary phase
since the corresponding CPV observables only depend
on invariant quantities like N

E

⌧µ
N

E

µ⌧
which vanish here.

Finally the charged Higgs interactions is governed by
�
p
2/vH+

⌫
i

L
N

E

ij
e
j

R
+ h.c.. The three physical param-

eters ReNE
⌧⌧ , ImN

E
⌧⌧ and N

E

⌧µ
depend on three weak

basis parameters |Y E

2,⌧µ
|, �E

⌧µ
and r⌧µ. For a restricted

weak basis prameter space like for a fixed r⌧µ, the phys-
ical parameters become dependent(Note r⌧µ is required
by the condition |ME

⌧µ
|  m⌧ to be close to 1). Inverting

Eq. 7, we solve |Y E

2,⌧µ
| and sin�E

⌧µ
as a function of ReNE

⌧⌧

and ImN
E

⌧⌧
. Eq. 9 then implies that h ! ⌧µ and ⌧ ! µ�

depend on h ! ⌧⌧ .

Higgs signal strength measurement. The diagonal
N

E

⌧⌧
enters the decay h ! ⌧⌧ and thus is constrained by

Flavor basis (high T)

CPV h ! tt
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FIG. 1. Left panel: the three physical parameters |NE

⌧µ|,
ImNE

⌧⌧ and ReNE

⌧⌧ as a function of the phase �E

⌧µ where only
the light green band is theoretically allowed. Right panel:
Constraints the magnitude and phase of NE

⌧⌧ from ⌧ ! µ�
and h ! ⌧⌧ . Here the whole region is allowed by h ! ⌧µ
with the choice NE

⌧µ = 2GeV. The other parameters are fixed
to be � � ↵ � ⇡/2 = 0.05, mH = 400GeV, mA0 = 600GeV
and mH± = 500GeV.

Higgs signal strength measurements in the ⌧⌧ channel
µ
⌧⌧ . In our model, the width is

�⌧⌧ =

p
2GFmh

8⇡
|m⌧s��↵ + c��↵N

E

⌧⌧
|2. (10)

Experimentally, ATLAS gives µ
⌧⌧

ATLAS
= 1.43+0.43

�0.37
[30]

while CMS favors a smaller one µ
⌧⌧

CMS
= 0.78± 0.27 [31].

We combine these two measurements by centralizing the
errors of ATLAS, assuming both to be Gaussian dis-
tributed, neglecting their correlations and defining a �

2

to obtain the 95%C.L. limit. The constraint on the mag-
nitude and phase of NE

⌧⌧
is shown in Fig. 1. Parametriz-

ing the h⌧̄ ⌧ coupling as [33],

�mf

v
(Rey⌧ ⌧̄ ⌧ + Imy⌧ ⌧̄ i�5⌧)h, (11)

this constraint is transformed to circular regions in the
Rey⌧ and Imy⌧ plane between the green dot-dashed lines
in Fig. 2. The inner sky blue band is for a more SM-like
coupling with ⌧ = 1±0.1 if the coupling is parametrized
as [33]

mf

v
⌧ (cos�⌧ ⌧̄ ⌧ + sin�⌧ ⌧̄ i�5⌧)h. (12)

Note these two are the direct constraints on the h⌧̄ ⌧ cou-
pling parameters as usually done in the literature. If start
from the weak basis parameters and for r⌧µ = 1.05, the
⌧⌧ region is shrinked to the green region.
Constraints from measurement of Br(h ! ⌧µ).

The flavor o↵-diagonal NE

⌧µ
generates h ! ⌧µ with width

�⌧µ =

p
2c2

��↵
GFmh

8⇡
|NE

⌧µ
|2, (13)

This LFV process has been searched by both ATLAS and
CMS. ATLAS sets an upper limit on the branching ratio
Br(h ! ⌧µ) < 1.85% at 95C.L. [3], while CMS gives a

best fit Br(h ! ⌧µ) = 0.84+0.39

�0.37
% as well as an upper

limit Br(h ! ⌧µ) < 1.51% at 95C.L. [9]. For r⌧µ = 1.05,
this branching ratio is correlated with h ! ⌧⌧ and is
shown as the brown arc in the Rey⌧ � Imy⌧ plane in
Fig. 2 where the current CMS upper limit 1.51% as well
as two prospective future measurements of 1%, 0.5% are
labeled as dashed lines while the CMS central values are
shown as light red arc.
The rare decay ⌧ ! µ�. The flavor o↵-diagonal
ha⌧̄LµR coupling also contributes to the rare decay ⌧ !
µ� with current experimental limit Br(⌧ ! µ�) <

4.4⇥ 10�8 [25] and is given by

Br(⌧ ! µ�) =
⌧⌧↵G

2

F
m

5

⌧

32⇡4
(|C7L|2 + |C2

7R
|), (14)

where ⌧⌧ = (290.3± 0.5)⇥ 10�15
s [26] is the life time of

⌧ and C7L/R are the Wilson coe�cients of the two dipole
operators

Q
L/R

7
=

e

8⇡2
m⌧ µ̄�

µ⌫(1⌥ �
5)⌧Fµ⌫ , (15)

defined by the e↵ective Hamiltonian [27] �GF [C7LQ
L

7
+

C7RQ
R

7
]/
p
2. They receive contributions from one loop

neutral and charged Higgs mediated diagrams and two
loop Barr-Zee type diagrams [28]. For the two loop part,
mainly two groups of diagrams contribute depending on
the external legs of the inner loops. The group with an ef-
fective ha�� vertex is induced by t, W± or H± loops and
the second group with e↵ective H

±
W

⌥
� vertex is gen-

erated by W
±, H±, t/b or µ/⌫⌧ in the loops. These two

loop results are adapted from leptonic EDM and MDM
calculations in Ref. [29]. The end results of C7L is pro-
portional to N

E ⇤
⌧µ

while C7R / N
E

µ⌧
= 0.

Electric and magnetic dipole moments. The one
loop contributions to muon MDM and EDM come from
exchanges of neutral scalars ha and is proportional to
the invariant N

E

⌧µ
N

E

µ⌧
= 0. The two loop Barr-Zee

type diagrams have similar topology as that in ⌧ ! µ�.
Especially the CP-violating ha⌧̄ ⌧ generates an CP-odd
haF̃µ⌫F

µ⌫ operator in the inner loop. All these contribu-
tions vanishes since light lepton masses and the relevant
couplings are neglected in our setup.
Collider sensitivities of a CP-violating h⌧̄ ⌧ . The
CPV associated with the invariant JE represents a di↵er-
ent origin of CPV as compared with the case where the
CP-violating h⌧̄ ⌧ comes from mixing between CP-even
and CP-odd Higgs scalars originating from the CPV in
the potential which is highly constrained by EDM lim-
its [32]. Studies on collider sensitivies of a CP-violating
h⌧̄ ⌧ employing the ⇢ decay plane method and the im-
pact parameter method show that the phase �⌧ can be
determined with an uncertainty of 15

�
(9

�
) at the LHC

with an integrated luminosity of 150fb�1(500fb�1) while
⇡ 4

�
with 3ab�1 can be achieved [33]. At Higgs factories,

this phase can be measured with ⇡ 4.4
�
accuracy with a

250GeV run and 1ab�1 luminosity [34].

Mass basis (T=0)

2

Two Higgs Doublet Model. The 2HDM naturally
provides LFV interactions at tree level if both Higgs dou-
blets couple to the right handed leptons. Since our focus
is on CPV in the lepton sector, we assume the potential
to be CP-conserving and provides a strongly first order
EWPT [21]. The particle spectrum then consists of five
scalars with two CP-even h,H, one CP-odd A0, a pair
of charged scalars H± and the lighter h is defined as the
SM Higgs. The SU(2)L⌦U(1)Y invariant weak eigenba-
sis Yukawa interactions in the lepton sector is

L Lepton

Yukawa
= �E

i

L

⇥
(Y E

1
)ij�1 + (Y E

2
)ij�2

⇤
e
j

R
+ h.c.,(2)

where �1,2 are the two Higgs doublets with the same hy-
percharge, Ei

L
is the left-handed lepton doublet in fam-

ily “i” and e
j

R
is the right-handed lepton singlet in fam-

ily “j”. We focus now on the two ⌧ � µ families, ne-
glect the muon mass at first approximatioin and assume
the Yukawa structures are such that the relevant up and
down type quarks have similar couplings as those in SM.

The relevant Jarlskog-like CPV invariant that is the
origin of both BAU and h⌧̄ ⌧ is the imaginary part of the
following basis invariant [16],

JE =
1

v2µ
HB

12

2X

a,b,c=1

vav
⇤
b
µbc

X

ij=⌧,µ

(Y E

c
)ij(Y

E†
a

)ji, (3)

with here µab the coe�cient of �†
a
�b in the potential

and µ
HB

ij
the corresponding coe�cient in the Higgs ba-

sis [12, 16]. Here the basis transformation refers to the
U(2) Higgs basis transformation as well as lepton fam-
ily transformations. Fixing the Higgs basis definition of
the two Higgs doublets, µHB

ij
is an unique real quantity

indepenent of basis choices. Note this invariant takes
di↵erent forms in weak eigenbasis which is convenient for
BAU calculations as opposed to that in mass eigenbasis
which is better for phenomenological analysis.

In weak eigenbasis, the mass matrix is one linear com-
bination of the two Yukawa matrices,

M
E = (v1Y

E

1
+ v2Y

E

2
)/
p
2, (4)

and at zero temperature it is bidiagonalized to be the
mass matrix for leptons. The textures of this mass matrix
is highly constrained by the diagonalization procedure
and we choose the type where only the elements in the
second row Y

E

1/2,⌧µ
, Y

E

1/2,⌧⌧
are non-vanishing. In this

case, after all possible rephasings of the lepton and Higgs
fields, only one of the four Yukawa matrix elements can
be complex which we choose to be Y E

1,⌧µ
and the resulting

o↵-diagonal mass matrix element can be parametrized as

M
E

⌧µ
=

vs�p
2
Y

E

2,⌧µ
[1 + cot� sgn(Y E

2,⌧µ
)r⌧µe

i�
E
⌧µ ], (5)

with r⌧µ ⌘ |Y E

1,⌧µ
|/|Y E

2,⌧µ
|. We further assume the

diagonal elements of the two Yukawa matrices to be
equal and positive for simplicity giving then M

E

⌧⌧
=

vY
E

2,⌧⌧
(s� + c�)/

p
2. From the diagonalization condi-

tioin |ME

⌧µ
|2 + |ME

⌧⌧
|2 = m

2

⌧
, we can solve Y

E

2,⌧⌧
=q

2(m2
⌧
� |ME

⌧µ
|2)/|v(s�+c�)|, which leads to the natural

requirement |ME

⌧µ
|  m⌧ . Counting degrees of freedom

in weak basis, we have |Y E

2,⌧µ
|, �E

⌧µ
, r⌧µ and �. Our study

will be fixed at tan� = 1.
The other linear combination of the Yukawa matrices

(�v2Y
E

1
+v1Y

E

2
)/
p
2 generally can not be simultaneously

diagonalized and we denote its two non-vanishing matrix
elements in mass eigenbasis by N

E

⌧µ
, NE

⌧⌧
while N

E

µ⌧
=

N
E

µµ
= 0. Phenomenologically, NE

⌧⌧
controls the Higgs

coupling to ⌧̄ ⌧ ,

�1

v
⌧L⌧R[h(m⌧s��↵ +N

E

⌧⌧
c��↵)

+H(m⌧ c��↵ �N
E

⌧⌧
s��↵) + iA0N

E

⌧⌧
] + h.c., (6)

where ↵ is the mixing angle between the two CP-even
Higgs scalars and the real and imaginary part of NE

⌧⌧
is

related respectively to that of JE ,

Re(NE

⌧⌧
) =

v
2
µ
HB

12
ReJE � 2µHB

11
m

2

⌧

2µHB

12
m⌧

tan �=1

=
v
2|Y E

2,⌧µ
|2

4m⌧

(1� r
2

⌧µ
),

Im(NE

⌧⌧
) =

v
2ImJE

2m⌧

=
v
2(�Y

E

2,⌧µ
ImY

E
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)

2m⌧

. (7)

The o↵-diagonal element NE

⌧µ
controls the strength of the

Higgs LFV couplings

�
N

E

⌧µ

v
⌧LµR(c��↵h� s��↵H + iA0) + h.c., (8)

and its expression in terms of weak basis parameters is

N
E

⌧µ
= e

i�

����N
E

⌧⌧

M
E

⌧⌧

ME
⌧µ

���� , (9)

where � is an aribitrary phase undetermined from the
diagonalization procedure and can be adjusted to give a
CP-conserving h⌧µ. In fact, the absence of CPV for h⌧µ
does not depend on the choice of this arbitrary phase
since the corresponding CPV observables only depend
on invariant quantities like N

E

⌧µ
N

E

µ⌧
which vanish here.

Finally the charged Higgs interactions is governed by
�
p
2/vH+

⌫
i

L
N

E

ij
e
j

R
+ h.c.. The three physical param-

eters ReNE
⌧⌧ , ImN

E
⌧⌧ and N

E

⌧µ
depend on three weak

basis parameters |Y E

2,⌧µ
|, �E

⌧µ
and r⌧µ. For a restricted

weak basis prameter space like for a fixed r⌧µ, the phys-
ical parameters become dependent(Note r⌧µ is required
by the condition |ME

⌧µ
|  m⌧ to be close to 1). Inverting

Eq. 7, we solve |Y E

2,⌧µ
| and sin�E

⌧µ
as a function of ReNE

⌧⌧

and ImN
E

⌧⌧
. Eq. 9 then implies that h ! ⌧µ and ⌧ ! µ�

depend on h ! ⌧⌧ .

Higgs signal strength measurement. The diagonal
N

E

⌧⌧
enters the decay h ! ⌧⌧ and thus is constrained by

Flavor basis (high T)

CPV h ! tt

45
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Two-Step EW Baryogenesis

Baryogenesis

Quench 
sphalerons

Small entropy 
dilution

S dark 
matter

<f0>
New sector: “Real Triplet” S

Gauge singlet S

H ! Set of “SM” fields: 2 HDM

Illustrative Model:

Two CPV Phases:

dS : Triplet phase
dS : Singlet phase

(SUSY: “TNMSSM”, Coriano…) 
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Two-Step EW Baryogenesis & EDMs

Two CPV Phases:

dS : Triplet phase
dS : Singlet phase

Insensitive to dS : electrically 
neutral ! “partially secluded”

EDMs are Two Loop
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Two-Step EW Baryogenesis & EDMs

Two cases: (A) dS = 0    (B) dS =0

Present de  

YB

No EDM constraints

Present de  

Future dn

Future dp ?
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Triplet phase Singlet phase
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2HDM CPV : EDMs 
CPV & 2HDM: Type II illustration l6,7 = 0 for simplicity

18

FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.

2014 Present & Future: 

dn x 0.1

dA(Hg) x 0.1

dThO x 0.1

dA(Ra) [10-27 e cm]

Future: 

dn x 0.01

dA(Hg) x 0.1

dThO x 0.1

dA(Ra)

ThO

n

Hg

sin ab : CPV 
scalar mixing

Inoue, R-M, Zhang: 1403.4257

Ra
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2HDM CPV : EDMs & LHC
CPV & 2HDM: Type II illustration l6,7 = 0 for simplicity

18

FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.

Present Present & Future: 

dn x 0.1

dA(Hg) x 0.1

dThO x 0.1

dA(Ra) [10-27 e cm]

Future: 

dn x 0.01

dA(Hg) x 0.1

dThO x 0.1

dA(Ra) 

ThO

n

Hg

sin ab : CPV 
scalar mixing

Inoue, R-M, Zhang: 1403.4257

Ra
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LHC 300 fb-1

LHC 3 ab-1

Chen, Li,  R-M: 1708.00435

Alignment limit

New HfF+

H à Zh
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2HDM CPV & EWBG

2HDM CPV: Source for EWBG?

Dorsch et al, 1611.05874

EWBG viable

ab/ d1 – d2

But new transport 

theory à stay tuned…
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IV. Outlook
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Questions for this Workshop

• What are the most interesting probes of BSM CPV 
for the LHC and beyond ?

• How do these collider probes complement EDM 
searches ?

• Which probes provide tests of BSM CPV needed 
for electroweak baryogenesis and other EW à TeV
scale baryogenesis scenarios ?
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Key Themes 

• The experimental discovery of BSM CPV at the EW 
à TeV scale could hold the key to explaining the 
cosmic matter-antimatter asymmetry

• Electroweak baryogenesis (EWBG) connects this 
CPV to the origin of elementary particle masses 
through EW symmetry breaking 

• The ingredients for EWBG are experimentally 
accessible through a combination of low-energy 
symmetry tests, collider searches, and GW probes

• An exciting opportunity exists for inter-frontier 
synergy in the quest to pursue this quest

谢谢！
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S ! New sector: set of BSM 
fields fj , including at least one 
that breaks EWSB at T > 0 during 
first step

H ! Set of “SM” fields, including 
at least one that breaks EWSB at 
during second step & persists to 
T = 0 (e.g., single H, 2HDM…)
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S ! New sector: set of BSM 
fields fj , including at least one 
that breaks EWSB at T > 0 during 
first step

H ! Set of “SM” fields, including 
at least one that breaks EWSB at 
during second step & persists to 
T = 0 (e.g., single H, 2HDM…)

What are possibilities for 
generating CPV asymmetries 
needed for baryogenesis 
during the first step ?
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interactions with fj ! nL
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S ! New sector: set of BSM 
fields fj , including at least one 
that breaks EWSB at T > 0 during 
first step

• New sector contains additional 
LH fermions that contribute to 
the B+L anomaly: CPV 
interactions with fj ! nL

• CPV asymmetry generated for 
subset of fj , then transferred 
to SM sector

• CPV asymmetry generated in 
SM sector via interactions with 
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CPV asymmetry generated in SM 
sector via interactions with the fj

Considerations:

• Renormalizable interactions in 
scalar sector

• At least two new sector fields 
get spacetime varying vevs
vNEW (x) during step 1, at least 
one of which is EWSB

• At least two scalar fields mix 
due to vNEW (x), at least one of 
which is in SM sector
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CPV asymmetry generated in SM 
sector via interactions with the fj

CPV: q = Arg (m12
2 ) = q(x)

m12
2 = a v1(x) + b v2(x)

• New sector: real triplet (S ) & real 
singlet (S)

• SM Sector: Z2 symmetric 2HDM

EW Singlet: “partially 
secluded sector”  
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CPV asymmetry generated in SM 
sector via interactions with the fj

CPV: q = Arg (m12
2 ) = q(x)

m12
2 = a vS (x) + b vS (x)
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singlet (S)

• SM Sector: Z2 symmetric 2HDM
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CPV asymmetry generated in SM 
sector via interactions with the fj

CPV: q = Arg (m12
2 ) = q(x)

m12
2 = a vS (x) + b vS (x)

• New sector: real triplet (S ) & real 
singlet (S)

• SM Sector: Z2 symmetric 2HDM

CPV
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CPV asymmetry generated in SM 
sector via interactions with the fj

CPV: q = Arg (m12
2 ) = q(x)

m12
2 = a vS (x) + b vS (x)

• New sector: real triplet (S ) & real 
singlet (S)

• SM Sector: Z2 symmetric 2HDM

CPV

Set to zero for simplicity
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CPV: q = Arg (m12
2 ) = q(x)

m12
2 = a vS (x) + b vS (x)

CPV

Set to zero for simplicity

Ba
ry

og
en

es
is

Rephasing invariants



Illustrative Study: YB
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CPV: q = Arg (m12
2 ) = q(x)

m12
2 = a vS (x) + b vS (x)

CPV

Set to zero for simplicity
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Transport equations

Particle # changing reactions:

Transfer asymmetry from H to 
fermions

CPV sources
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CPV: q = Arg (m12
2 ) = q(x)

m12
2 = a vS (x) + b vS (x)

CPV

Set to zero for simplicity
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CPV: q = Arg (m12
2 ) = q(x)

m12
2 = a vS (x) + b vS (x)

CPV

Set to zero for simplicity
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EDMs

No dS sensitivity



Illustrative Study: Lessons
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• Two-step electroweak baryogenesis is viable

• No fine tuning of parameters necessary (yet)

• CPV from a partially secluded sector can evade 
EDM constraints: direct CPV probes are 
sensitive to non-singlet sector

• LHC & beyond may discover the new light 
states

• Rich variety of scenarios yet to be explored 


