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BARYOGENESIS THEORIES 

Theory 

Experiment can help: 

•  Discover ingredients 
•  Falsify candidates  
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Ingredients for Baryogenesis 

•  B violation 

•  C & CP violation  

•  Out-of-equilibrium or 
 CPT violation 
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Ingredients for Baryogenesis 

•  B violation (sphalerons) 

•  C & CP violation  

•  Out-of-equilibrium or 
 CPT violation 

Standard Model BSM 

✔ 

✖ 

✖ 

✔ 

✔ 

✔ 

Scenarios: leptogenesis, 
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold 
baryogenesis, post-
sphaleron baryogenesis… 
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Discover (some) ingredients 
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This talk 
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Electroweak Baryogenesis 

Was YB generated in conjunction with 
electroweak symmetry-breaking? 
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Outline 

I.  Electroweak Baryogenesis in a Nutshell 

II.  Electroweak Phase Transition  

III.  CPV: the Baryon Asymmetry & EDMs 

IV.  Outlook 
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Time permitting 
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I. EWB in a Nutshell 
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EW Phase Transition: New Scalars & CPV 
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EW Phase Transition: New Scalars & CPV 
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Increasing mh  

New scalars  

•  Loop effects 

•  Tree-level barrier 
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II. Electroweak Phase Transition 

Conditions for Electroweak Baryogenesis ? 
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EW Phase Transition: St’d Model  
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EW Phase Transition: St’d Model  
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SM EW: Cross over transition 

EW Phase Diagram 

How does this picture change 
in presence of new TeV scale 
physics ? What is the phase 
diagram ? 
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EWPT “Poster Child”: MSSM 
Light Stop Scenario 

Light Stop 
Scenario 

Thermal loops 
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EW Phase Transition: SUSY 
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New scalars  

MSSM: Light RH stops 

CCB vac 

Carena et al 2008: MSSM strong 1st 
order EWPT: RH stop mass < 105 GeV 

See D. Costanzo talk 
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EW Phase Transition: SUSY 
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Increasing mh  
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Light RH stops also affect 
Higgs properties 

Katz, Perelstein, R-M, 
Winslow 1509.02934 

MSSM + δλ4 (Hu
† Hu )2   

Curtin, Jaiswal, Meade 1203.2932  
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Beyond the Poster Child 

Light Stop 
Scenario 

•  Gauge singlets (tree-level) 

•  EW multiplets (tree + loops) 
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Beyond the Poster Child 

Light Stop 
Scenario 

•  Gauge singlets (tree-level) 

•  EW multiplets (tree + loops) 

Higgs portal:  
SUSY or otherwise 
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EW Phase Transition: Higgs Portal 
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EW Phase Transition: Higgs Portal 
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F1st order 2nd order 

Increasing mh  

New scalars  

< φ > 

+… 

•  Renormalizable     

•  φ : singlet or charged  
 under SU(2)L x U(1)Y 

•  Generic features of full theory 
 (NMSSM, GUTS…) 

•  More robust vacuum stability 

•  Novel patterns of SSB 
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EW Phase Transition: New Scalars 
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two states h1 & h2 
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Real Singlet: φ ! S 
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EW Phase Transition: New Scalars 
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Increasing mh  

New scalars  

No & RM, arXiv:1310.6035 : LHC Discovery w/ 100 fb-1 

<S > 

Resonant di-Higgs production: 

 m2 > 2 m1 

 m1 > 2 m2 

Simplest Extension: 
two states h1 & h2 
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EW Phase Transition: New Scalars 
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Mixed States: 
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ILC, CPEC, 
FCC-ee 

Exotic Higgs Decays 
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Increasing mh  
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EW Multiplets: Two-Step EWPT 

<φ0 > 

Baryogenesis 

Quench 
sphalerons 

Small entropy 
dilution 

φ  dark 
matter 

φ0	

j	

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1505.05195  

•  Step 1: thermal loops 
•  Step 2: tree-level barrier 

49 

One step 

Two step 



? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

New scalars  

EW Multiplets: Two-Step EWPT 

Baryogenesis 

Quench 
sphalerons 

Small entropy 
dilution 
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Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1505.05195  

Real Triplet 

Two-step EWPT & dark matter 

Σ ~ (1,3,0)	

<Σ0 > 
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Strong 1st Order EWPT 

Light Stop 
Scenario 

Beyond the MSSM: 
singlets, 2-step…. 

Definitive probe of the possibilities ! 
LHC + next generation colliders  
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III. CPV: Baryon Asymmetry & EDMs 
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EDMs: New CPV? 
•  SM 
“background” well 
below new CPV 
expectations 

•  New expts: 102 to 
103 more sensitive 

•  CPV needed for 
BAU?  

System Limit (e cm)*   SM CKM CPV BSM CPV 

199 Hg 

ThO 

n 

7.4 x 10-30 

8.7 x 10-29 ** 

3.3 x 10-26 

* 95% CL ** e- equivalent 

10-33 

10-38 

10-31 

10-29 

10-28 

10-26 
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sensitivity Not shown: 

muon 
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EDMs: New CPV? 
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103 more sensitive 

•  CPV needed for 
BAU?  

Mass Scale Sensitivity 
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€ 

ϕ
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ϕ •  EDMs arise at > 1 loop 

•  CPV is flavor non-diagonal 

•  CPV is “partially secluded” 
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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
Fm

5
⌧

32⇡4
(|C7L|2 + |C2

7R|), (14)

where ⌧⌧ = (290.3± 0.5)⇥ 10�15s [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 NE ⇤

⌧µ while C7R / NE
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 NE

⌧µN
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 = �Ei

L

⇥
(Y E

1 )ij�1 + (Y E
2 )ij�2

⇤
ejR + 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 ejR 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

v2µHB
12

2X

a,b,c=1

vav
⇤
bµbc

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 µHB
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,

ME = (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

ME
⌧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 ME

⌧⌧ =

vY E
2,⌧⌧ (s� + c�)/

p
2. From the diagonalization condi-

tioin |ME
⌧µ|2 + |ME

⌧⌧ |2 = m2
⌧ , 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 NE

⌧µ, N
E
⌧⌧ while NE

µ⌧ =
NE

µµ = 0. Phenomenologically, NE
⌧⌧ controls the Higgs

coupling to ⌧̄ ⌧ ,

�1

v
⌧L⌧R[h(m⌧s��↵ +NE

⌧⌧ c��↵)

+H(m⌧ c��↵ �NE
⌧⌧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
⌧⌧ ) =

v2µHB
12 ReJE � 2µHB

11 m2
⌧

2µHB
12 m⌧

tan �=1
=

v2|Y E
2,⌧µ|2

4m⌧
(1� r2⌧µ),

Im(NE
⌧⌧ ) =

v2ImJE
2m⌧

=
v2(�Y E

2,⌧µImY E
1,⌧µ)

2m⌧
. (7)

The o↵-diagonal element NE
⌧µ controls the strength of the

Higgs LFV couplings

�
NE

⌧µ

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

and its expression in terms of weak basis parameters is

NE
⌧µ = ei�

����N
E
⌧⌧

ME
⌧⌧

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 NE

⌧µN
E
µ⌧ which vanish here.

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

E
ij e

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

eters ReNE⌧⌧ , ImNE⌧⌧ and NE
⌧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 ImNE
⌧⌧ . Eq. 9 then implies that h ! ⌧µ and ⌧ ! µ�

depend on h ! ⌧⌧ .

Higgs signal strength measurement. The diagonal
NE

⌧⌧ 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
Fm

5
⌧

32⇡4
(|C7L|2 + |C2

7R|), (14)

where ⌧⌧ = (290.3± 0.5)⇥ 10�15s [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 NE ⇤

⌧µ while C7R / NE
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 NE

⌧µN
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 = �Ei

L

⇥
(Y E

1 )ij�1 + (Y E
2 )ij�2

⇤
ejR + 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 ejR 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

v2µHB
12

2X

a,b,c=1

vav
⇤
bµbc

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 µHB
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,

ME = (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

ME
⌧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 ME

⌧⌧ =

vY E
2,⌧⌧ (s� + c�)/

p
2. From the diagonalization condi-

tioin |ME
⌧µ|2 + |ME

⌧⌧ |2 = m2
⌧ , 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 NE

⌧µ, N
E
⌧⌧ while NE

µ⌧ =
NE

µµ = 0. Phenomenologically, NE
⌧⌧ controls the Higgs

coupling to ⌧̄ ⌧ ,

�1

v
⌧L⌧R[h(m⌧s��↵ +NE

⌧⌧ c��↵)

+H(m⌧ c��↵ �NE
⌧⌧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
⌧⌧ ) =

v2µHB
12 ReJE � 2µHB

11 m2
⌧

2µHB
12 m⌧

tan �=1
=

v2|Y E
2,⌧µ|2

4m⌧
(1� r2⌧µ),

Im(NE
⌧⌧ ) =

v2ImJE
2m⌧

=
v2(�Y E

2,⌧µImY E
1,⌧µ)

2m⌧
. (7)

The o↵-diagonal element NE
⌧µ controls the strength of the

Higgs LFV couplings

�
NE

⌧µ

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

and its expression in terms of weak basis parameters is

NE
⌧µ = ei�

����N
E
⌧⌧

ME
⌧⌧

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 NE

⌧µN
E
µ⌧ which vanish here.

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

E
ij e

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

eters ReNE⌧⌧ , ImNE⌧⌧ and NE
⌧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 ImNE
⌧⌧ . Eq. 9 then implies that h ! ⌧µ and ⌧ ! µ�

depend on h ! ⌧⌧ .

Higgs signal strength measurement. The diagonal
NE

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

5
⌧

32⇡4
(|C7L|2 + |C2

7R|), (14)

where ⌧⌧ = (290.3± 0.5)⇥ 10�15s [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 NE ⇤

⌧µ while C7R / NE
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 NE

⌧µN
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 = y ¯L ˜HNR + h.c. + mN
¯NRNC

R (39)

Lmass =

y

⇤

¯LcHHT L + h.c. (40)

�(NR ! `H) 6= �(NR ! ¯`H⇤
) (41)

m⌫ =

m2
D

MR

(42)

hp0| JEM
µ |pi =

¯U(p0)
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M2
¯U(p0)

⇥
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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 = �Ei

L

⇥
(Y E

1 )ij�1 + (Y E
2 )ij�2

⇤
ejR + 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 ejR 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

v2µHB
12

2X

a,b,c=1

vav
⇤
bµbc

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 µHB
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,

ME = (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

ME
⌧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 ME

⌧⌧ =

vY E
2,⌧⌧ (s� + c�)/

p
2. From the diagonalization condi-

tioin |ME
⌧µ|2 + |ME

⌧⌧ |2 = m2
⌧ , 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 NE

⌧µ, N
E
⌧⌧ while NE

µ⌧ =
NE

µµ = 0. Phenomenologically, NE
⌧⌧ controls the Higgs

coupling to ⌧̄ ⌧ ,

�1

v
⌧L⌧R[h(m⌧s��↵ +NE

⌧⌧ c��↵)

+H(m⌧ c��↵ �NE
⌧⌧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
⌧⌧ ) =

v2µHB
12 ReJE � 2µHB

11 m2
⌧

2µHB
12 m⌧

tan �=1
=

v2|Y E
2,⌧µ|2

4m⌧
(1� r2⌧µ),

Im(NE
⌧⌧ ) =

v2ImJE
2m⌧

=
v2(�Y E

2,⌧µImY E
1,⌧µ)

2m⌧
. (7)

The o↵-diagonal element NE
⌧µ controls the strength of the

Higgs LFV couplings

�
NE

⌧µ

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

and its expression in terms of weak basis parameters is

NE
⌧µ = ei�

����N
E
⌧⌧

ME
⌧⌧

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 NE

⌧µN
E
µ⌧ which vanish here.

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

E
ij e

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

eters ReNE⌧⌧ , ImNE⌧⌧ and NE
⌧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 ImNE
⌧⌧ . Eq. 9 then implies that h ! ⌧µ and ⌧ ! µ�

depend on h ! ⌧⌧ .

Higgs signal strength measurement. The diagonal
NE

⌧⌧ enters the decay h ! ⌧⌧ and thus is constrained by
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Two-Step EW Baryogenesis 

Baryogenesis 

Quench 
sphalerons 

Small entropy 
dilution 

Σ  dark 
matter 

New sector: “Real Triplet”   Σ	
	 	 	 Gauge singlet   S 	

H ! Set of “SM” fields: 2 HDM	

<φ0 > 

Illustrative Model: 

Two CPV Phases: 
 
 δΣ  : 	 	Triplet phase 
δS :   Singlet phase 		

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

Two CPV Phases: 
 
 δΣ  : 	 	Triplet phase 
δS :   Singlet phase 		

Insensitive to δS : electrically 
neutral ! “partially secluded” 

EDMs are Two Loop 
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Two-Step EW Baryogenesis & EDMs 
Two cases: (A) δS = 0    (B) δΣ =0 

Present de   

YB 

No EDM constraints 

Present de   

Future dn   

Future dp ?   
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CPV for EWBG 

EDM 

EWBG 

EDM 

Theoretical creativity 
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IV. Outlook 

•  Explaining the origin of the matter-antimatter asymmetry 
is a forefront challenge for BSM physics 

•  Electroweak baryogenesis remains one of the most 
theoretically rich & experimentally accessible scenarios: 
“Was the baryon asymmetry produced in conjunction 
with electroweak symmetry-breaking ?” 

•  EDMs & collider studies (LHC & beyond) provide 
powerful probes of the ingredients & results to date 
challenge theoretical creativity 

 
•  Exciting array of possibilities to be explored 
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LHC Stop Searches 

1605.08993 
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EW Phase Transition: New Scalars 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Profumo, R-M, Wainwright, Winslow: 1407.5342 

<S > 

 m2 > 2 m1 

 m1 > 2 m2 

Mixed States: 
Precision $ 
ILC, CPEC, 
FCC-ee 

Mixing Angle 
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EW Phase Transition: New Scalars 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

New scalars  

Next gen pp: Kotwal, No, R-M, Winslow  1605.06123 

<S > 

Novel signatures: 

 m2 > 2 m1 

 m1 > 2 m2 

Simplest Extension: 
two states h1 & h2 

€ 

h1

€ 

h2

€ 

h1€ 

b

€ 

b 

 τ+	
 τ-	
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EW Phase Transition: 100 TeV pp 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

<S > 

Curtain, Meade, Yu: arXiv: 1409.0005 

Z2 symmetric real singlet extension 

•  Loop-induced 1-step transition 
•  2-step transition for µS

2 < 0  

VBF @ 100 TeV pp: 

 pp !  h jj , h ! invis 

2 Step* 

1 Step 

Significance 
w/ 3000 fb-1 

Non-res 
76 * Singlet two step: see also Profumo, R-M, 

Shaugnessy 2007 



EDMs &  EWBG: MSSM & Beyond 
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ϕ sinφCP ~ 1  ! M > 5000 GeV 

M < 500 GeV! sinφCP < 10-2  

Universal 
gaugino 
phases 

Arg(µMib*) =  

Arg(µMjb*)  
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