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Key Ideas for this Talk I 

•  Explaining the baryon asymmetry is “easy” 
theoretically . Determining which idea (if 
any) was realized in nature is challenging. 

•  Experiment can help by discovering 
ingredients and/or falsifying scenarios. 

•  We have an opportunity to determine 
whether or not the baryon asymmetry was 
produced in conjunction with EW symmetry 
breaking! important role for LC’s 
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Key Ideas for this Talk II 

•  The “electroweak temperature” ! a 
scale provided by nature that gives us a 
clear BSM target for colliders 

•  Simple arguments ! BSM physics that 
gives rise to a first order EW phase 
transition (needed for EW baryogenesis) 
cannot be too heavy or too feeble  

•  Concrete BSM models !  exemplify 
these arguments 
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Key Ideas for this Talk II 

•  The “electroweak temperature” ! a 
scale provided by nature that gives us a 
clear BSM target for colliders 

•  Simple arguments ! BSM physics that 
gives rise to a first order EW phase 
transition (needed for EW baryogenesis) 
cannot be too heavy or too feeble  

•  Concrete BSM models !  exemplify 
these arguments 

Precision 
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Outline 

I.  Context & Questions 

II.  EWPT: A Collider Target 

III.  Model Illustrations 

IV.  Outlook 
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I. Context & Questions 
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TEW  sets an energy scale 
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Electroweak Baryogensis 
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•  Baryon number violation ! SM electroweak 
sphalerons 

•  CPV ! BSM 

•  Out of equilibrium ! first order EW phase 
transition ! BSM 
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•  Baryon number violation ! SM electroweak 
sphalerons 

•  CPV ! BSM 

•  Out of equilibrium ! first order EW phase 
transition ! BSM 

Remainder of this talk 

Questions, back up slides, 
informal discussions 
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Main Theme for This Talk 

TEW  ! EW phase transition is a 
target for the LHC & beyond 
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II. EWPT: A Collider Target 

MJRM 19010.NNNNN 

•  Mass scale 
•  Precision 
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High-T SM Effective Potential 

T0 ~  140 GeV 
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We revisit the theory and phenomenology of scalar electroweak multiplet thermal dark matter.
We derive the most general, renormalizable scalar potential, assuming the presence of the Standard
Model Higgs doublet, H, and an electroweak multiplet � of arbitrary SU(2)L rank and hypercharge,
Y . We show that, in general, the �-H Higgs portal interactions depend on three, rather than two
independent couplings as has been previously considered in the literature. For the phenomenologi-
cally viable case of Y = 0 multiplets, we focus on the septuplet and quintuplet cases, and consider
the interplay of relic density and spin-independent direct detection cross section. We show that
both the relic density and direct detection cross sections depend on a single linear combination of
Higgs portal couplings, �e↵ . For �e↵ ⇠ O(1), present direct detection exclusion limits imply that
the neutral component of a scalar electroweak multiplet would comprise a subdominant fraction of
the observed DM relic density.
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FIG. 4: Gluon luminosity ratio

ECM(TeV) M� (GeV) sin ✓ � (fb)
R
dtL (ab�1) N ⇥ 10�3

14 100 NN 135 fb 3 NN
714 NN NN 3 NN

100 100 NN 135 fb 3 NN
714 NN NN 3 NN

14 714 0.01 135 fb 3 NN
100 714 0.01 NN 30 NN

TABLE IV: Single heavy higgs production via ggF.

VI. THE ELECTROWEAK TEMPERATURE REVISITED

VII. OUTLOOK

VIII. FORMULAE

V (h, T )SM = D(T 2
� T

2
0 )h

2 + �h
4 (37)

T
2
0 = (8�+ loops)

✓
4�+

3

2
g
2 +

1

2
g
0 2 + 2y2t + · · ·

◆�1

v
2 (38)

T0 ⇡ 140 GeV (39)

V (H,�)T=0=V (H) +
a2

2
�
†
�H

†
H + V (�) (40)

V (H)=�µ
2
H

†
H + �(H†

H)2 (41)

V (�)=
b2

2
�
†
�+

b4

4!
(�†

�)2 (42)



TEW Sets a Scale for Colliders  

18 

High-T SM Effective Potential 

T0 ~  140 GeV 

ACFI-T18-17

The Electroweak Phase Transition: A Collider Target

Michael Ramsey-Musolf6,7⇤
1
Center for advanced quantum studies, Department of Physics,

Beijing Normal University, 100875, Beijing, China
2
Interdisciplinary Center for Theoretical Study and Department of Modern Physics,

University of Science and Technology of China, Hefei, Anhui 230026, China
3
Tsung-Dao Lee Institute, and School of Physics and Astronomy,

Shanghai Jiao Tong University, Shanghai 200240, China
4
Department of Physics, National Taiwan University, Taipei 106, Taiwan

5
National Center for Theoretical Sciences, Hsinchu 300, Taiwan

6
Amherst Center for Fundamental Interactions, University of Massachusetts-Amherst,

Department of Physics, Amherst, MA 01003, USA
7
Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125 USA

We revisit the theory and phenomenology of scalar electroweak multiplet thermal dark matter.
We derive the most general, renormalizable scalar potential, assuming the presence of the Standard
Model Higgs doublet, H, and an electroweak multiplet � of arbitrary SU(2)L rank and hypercharge,
Y . We show that, in general, the �-H Higgs portal interactions depend on three, rather than two
independent couplings as has been previously considered in the literature. For the phenomenologi-
cally viable case of Y = 0 multiplets, we focus on the septuplet and quintuplet cases, and consider
the interplay of relic density and spin-independent direct detection cross section. We show that
both the relic density and direct detection cross sections depend on a single linear combination of
Higgs portal couplings, �e↵ . For �e↵ ⇠ O(1), present direct detection exclusion limits imply that
the neutral component of a scalar electroweak multiplet would comprise a subdominant fraction of
the observed DM relic density.

I. INTRODUCTION

II. FORMULAE

V (h, T )SM = D(T 2
� T

2
0 )h

2 + �h
4 (1)

T
2
0 = (8�+ loops)

✓
3

2
g
2 + g

0 2 + 2y2t + · · ·

◆�1

v
2 (2)

T0 ⇡ 140 GeV (3)

V (H,�)T=0=V (H) +
a2

2
�
†
�H

†
H + V (�) (4)

V (H)=�µ
2
H

†
H + �(H†

H)2 (5)

V (�)=
b2

2
�
†
�+

b4

4!
(�†

�)2 (6)

�V (h, T ) � �
T

12⇡
M�(h, T )

3 (7)

⇤Electronic address: mjrm@physics.umass.edu

+ … 

12

FIG. 4: Gluon luminosity ratio

ECM(TeV) M� (GeV) sin ✓ � (fb)
R
dtL (ab�1) N ⇥ 10�3

14 100 NN 135 fb 3 NN
714 NN NN 3 NN

100 100 NN 135 fb 3 NN
714 NN NN 3 NN

14 714 0.01 135 fb 3 NN
100 714 0.01 NN 30 NN

TABLE IV: Single heavy higgs production via ggF.

VI. THE ELECTROWEAK TEMPERATURE REVISITED

VII. OUTLOOK

VIII. FORMULAE

V (h, T )SM = D(T 2
� T

2
0 )h

2 + �h
4 (37)

T
2
0 = (8�+ loops)

✓
4�+

3

2
g
2 +

1

2
g
0 2 + 2y2t + · · ·

◆�1

v
2 (38)

T0 ⇡ 140 GeV (39)

V (H,�)T=0=V (H) +
a2

2
�
†
�H

†
H + V (�) (40)

V (H)=�µ
2
H

†
H + �(H†

H)2 (41)

V (�)=
b2

2
�
†
�+

b4

4!
(�†

�)2 (42)

     TEW 



First Order EWPT from BSM Physics 

19 

7

Veff

T = T

T < T

T > Tc

φ

c

c

tunnel

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

1E�3
=

1
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g3/2�3
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1
12⇡

⇥
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/)

Generate finite-T barrier 
 h 
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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
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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
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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
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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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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
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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/)
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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]:

V (daisy)
1 = �

T
12⇡

X

{b}0

nb
⇥
m2

b(�, T ) � m2
b(�)

⇤3/2
, (12)

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.
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When 5(T ) is large relative to m2(�), this corrected expression ceases to behave as a cubic in
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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 

 φ

Tφ TEW 

 h 

 φ

TEW 
 h 

 φ

TEW 

 a2 H2φ2  :   T > 0  
loop effect 

 a2 H2φ2  :   T = 0  
tree-level effect 

 a1 H2φ  :   T = 0  
tree-level effect 

 h 

Simple arguments: TEW + 
first order EWPT !          
Mφ  < 700 GeV ~ 



First Order EWPT from BSM Physics 

24 

7

Veff

T = T

T < T

T > Tc

φ

c

c

tunnel

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
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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
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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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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
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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
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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
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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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b(�, T ) � m2
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⇤3/2
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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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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
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We revisit the theory and phenomenology of scalar electroweak multiplet thermal dark matter.
We derive the most general, renormalizable scalar potential, assuming the presence of the Standard
Model Higgs doublet, H, and an electroweak multiplet � of arbitrary SU(2)L rank and hypercharge,
Y . We show that, in general, the �-H Higgs portal interactions depend on three, rather than two
independent couplings as has been previously considered in the literature. For the phenomenologi-
cally viable case of Y = 0 multiplets, we focus on the septuplet and quintuplet cases, and consider
the interplay of relic density and spin-independent direct detection cross section. We show that
both the relic density and direct detection cross sections depend on a single linear combination of
Higgs portal couplings, �e↵ . For �e↵ ⇠ O(1), present direct detection exclusion limits imply that
the neutral component of a scalar electroweak multiplet would comprise a subdominant fraction of
the observed DM relic density.
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IX. MODELS

We consider the renormalizable Higgs portal interactions involving H and � for two illustrative cases. We restrict
our attention to � being a complex scalar with Y = 0. The form of the potential for � being a real representation of
SU(2)L with Y = 0 is relatively simple. The corresponding features have been illustrated in previous studies wherein
� is either an SU(2)L singlet or real triplet. Consequently, we focus on complex representations, using the n = 5 and
n = 7 examples, to illustrate the new features not considered in earlier work.

To proceed, we first introduce some notation. It is convenient to consider both � and the associated conjugate �,
whose components are related to those of � as

�j,m = (�1)j�m�⇤
j,�m , (53)

where j refers to the isospin of the scalar multiplet �. As we discuss in Appendix A, � and � transform in the same
way under SU(2)L. The scalar multiplet � of integer isospin can be either real or CMplex. If � is a real multiplet,
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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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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
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FIG. 1: Dark matter relic density as a function of the dark matter mass. The solid (red), dashed (blue), and dot-dashed (green)
curves correspond to �e↵ = 0, 2, 5, respectively. The horizontal line is the observed relic density.

Z2-breaking, a positive value for a2 – implying a decrease in the di-photon decay rate – would allow for cancellations in
the quantity a1+2a2x0 that governs the mixing angle and triple self-coupling, thereby allowing for one to circumvent
the bounds in Eqs. (26) and (29). On the other hand, a negative value for this parameter – implying an increase in
the diphoton decay rate – would preclude the possibility of such cancellations.

How large might one expect the magnitude of ��(h ! ��)/�(h ! ��)SM to be? In Fig. 1, we give ��(h !

��)/�(h ! ��)SM as a function of M� for representative values of a2. Two important features emerge. First, the
presence of a barrier driven by the cross-quartic Higgs portal interaction will reduce the di-photon decay rate relative
to its SM value. Second, we observe that ��/� ⇠ O(0.01) for a2 ⇠ O(1) and for M� near the upper end of the
EWPT-viable mass range for M�. For lighter masses (consistent with the LEP bounds), the e↵ect can be O(0.1).

V. COLLIDER PHENOMENOLOGY: THE LHC AND BEYOND

The foregoing discussion provides concrete, benchmark mass and precision targets for present and prospective future
colliders. We now ask: what capabilities would be required to reach these benchmarks? And are these capabilities
within the realm of the LHC or next generation colliders?

We first consider the mass reach. If the new scalars are charged under SU(3)C , then present LHC exclusion limits
on various observables implies severe constraints for masses below one TeV. LQ discussion goes here.

Electroweak pair production.. In the case of electroweak multiplets, scalars may be pair produced through electroweak
Drell-Yan processes, such as e+e� ! �

+
�
� or pp ! �

+
�
0
X. In either case, the partonic cross section for the process
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FIG. 1: Dark matter relic density as a function of the dark matter mass. The solid (red), dashed (blue), and dot-dashed (green)
curves correspond to �e↵ = 0, 2, 5, respectively. The horizontal line is the observed relic density.
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FIG. 2: Dark matter relic density as a function of the dark matter mass. The solid (red), dashed (blue), and dot-dashed (green)
curves correspond to �e↵ = 0, 2, 5, respectively. The horizontal line is the observed relic density.

with ŝ being the parton center of mass energy. Here, we have not included the vector boson decay width �V , though one
could easily do so by replacing the V propagator-squared by the appropriate Breit-Wigner formula. For 2M� >> MZ

as implied by LEP limits, the impact of including �V will not be appreciable. We have also normalized the function
FV and prefactor GV so that the former is dimensionless and the latter has the dimensions of a cross section. To set
the scale, one has for a process mediated by a virtual W boson GW ⇡ 980 fb.

Focusing first on prospective e+e� colliders, we discuss three options under consideration: the International Linear
Collider (ILC); a circular e

+
e
� collider as proposed for either the Circular Electron-Positron Collider (CEPC) in

China or the CERN Future Circular Collider (FCC) in the ee mode; and the Compact Linear Collider proposed for
CERN. The center of mass energies

p
s are set at specific values for these facilities. we take the following:

p
s = 500

GeV (ILC); 240 GeV (CEPC/FCC-ee); 340 GeV (FCC-ee); and 1.5 TeV and 3 TeV (CLIC), where the latter give the
middle and highest value of the three center of mass energy options under study. It is worth noting that due to the
fixed beam energies, the di↵erent facilities would have greatest sensitivity to � pair production for di↵erent values of
M�. To illustrate the peak sensitivities, we plot in Fig. 2 the function FZ(ŝ,M�) for representative values of M� in
the EWPT target range, starting with M� = 100 GeV as a rough lower bound implied by LEP limits.

Having scaled the parton center of mass energy by 2M�, we observe a universal behavior, with a maximum occurring
at

p
ŝ/2M� ⇡ 1.7 for all values of M� but with the magnitude of FZ dropping by about an order of magnitude for each

representative choice of M�. Thus, for a given e
+
e
� CM energy ECM, the maximal sensitivity will be for a scalar mass

⇠ ECM/3.4. To be concrete, the CLIC 1.5 TeV option would be best suited to M� ⇡ 440 GeV, while a 500 GeV ILC
would having maximum sensitivity to a mass roughly 150 GeV. Similarly, the FCC-ee with ECM = 340 GeV would
be ideally suited to probing a 100 GeV new scalar. For M� near the upper end of our conservative EWPT-viable
range, the optimal CM energy is roughly 2.4 TeV. The degradation in sensitivity by going to higher energy, such as
the CLIC 3 TeV option, is modest. Note, however, that for a given beam energy, the cross section drops quickly with
increasing M�, going to zero as M� ! ECM/2.

With this information in hand, it is straightforward to determine the number of produced � pairs for a given M�,
ECM, and integrated luminosity. In Table I, we give this information for each prospective collider, choosing M� in
each case to given the maximum cross section. For purposes of illustration, we will assume the scalar multiplet is a
real electroweak triplet and that the final state consists of a �

+
�
� pair. The resulting values of g2� ⇥GV for V = Z, �,

respectively, are given in the fourth column of Table I. We take as projected design integrated luminosities complete
this list.

We now turn to the corresponding analysis for pp collisions. In this case, while the beam energy is fixed, the parton
CM energy is not. Instead, one must integrate over the parton distribution functions (pdfs), leading to the following

Max sensitivity: 
ECM  ~ 3.4 x Mφ 
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ECM(GeV) M� (GeV) �̂ (fb)
R
dtL (ab�1) N ⇥ 10�3

340 100 142 fb 5 710
500 100 94 fb 2 188

150 63 fb 2 126
1500 150 13 fb 1.5 19.5

440 7 fb 1.5 10.5
3000 440 3 fb 2 6

700 2 fb 2 4

TABLE I: Comparison of a circular e
+
e
� collider and two linear e

+
e
� options (ILC-500 and CLIC) to NC production of a

�
+
�
� pair for representative choices of M�.

FIG. 3: Dark matter relic density as a function of the dark matter mass. The solid (red), dashed (blue), and dot-dashed (green)
curves correspond to �e↵ = 0, 2, 5, respectively. The horizontal line is the observed relic density.

expression for the cross section �(pp ! �1�2X):

�(pp ! V
⇤
! �1�2X) =

X

a,b

Z 1

ŝ0

dŝ

✓
dLab

dŝ

◆
�̂(ab ! V

⇤
! �1�2) , (36)

where the sum is over all partons a and b in the colliding protons,
p
ŝ0 = 2M�, and dLab/dŝ is the parton luminosity

function constructed from the pdfs, suitably evolved to the energy scale of the partonic sub-process. We consider the
charged current (CC) process pp ! W

+⇤
! �

+
�
0 as the factor GW is larger than the corresponding factors for the

neutral current pair production.
For purposes of comparing di↵erent collider options, it is useful to plot dLab/dŝ for CC processes as a function of

ŝ for three di↵erent CM energies: 14 TeV, 27 TeV, and 100 TeV. Recalling that for a given M� the optimal parton
CM energy is ⇠ 3.4M�, we see that for a 700 GeV particle, a 100 TeV pp collider will have roughly 60 times more
signal events than the LHC, assuming the same integrated luminosity. To make this comparison more concrete, we
provide in Table II the cross sections and expected number of signal events for representative values of M�, assuming
the design integrated luminosities for the LHC, HE-LHC, and FCC-hh. The caption indicates the corresponding
K-factors used in arriving at the total cross sections.

need to get K-factors for DY process.

Singlet-like scalar production. For SM gauge singlets, DY pair production rates will be highly suppressed by four
powers of the small singlet-doublet mixing angle. On the other hand, production of one or more singlet-like scalars
may occur at appreciable rates via the following mechanisms:

Mass Reach:  

Lots of events…but need energy 
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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]:

V (daisy)
1 = �

T
12⇡

X

{b}0

nb
⇥
m2

b(�, T ) � m2
b(�)

⇤3/2
, (12)

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

1E�3
=

1
12⇡

g3/2�3
!

1
12⇡

⇥
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
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Simple Higgs portal models: 
 
•  Real gauge singlet (SM + 1) 

•  Real EW triplet (SM + 3) 
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•  Real gauge singlet (SM + 1) 

•  Real EW triplet (SM + 3) 



Singlets: Precision & Res Di-Higgs Prod 

Kotwal, No, R-M, Winslow  1605.06123 
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SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies   
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See also: Huang et al, 1701.04442; 
Li et al, 1906.05289  
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•  Profumo, R-M, Wainwright, Winslow: 
1407.5342;  

•  see also Noble & Perelstein 
0711.3018 

Thanks: M. Cepeda 
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Simple Higgs portal models: 
 
•  Real gauge singlet (SM + 1) 

•  Real EW triplet (SM + 3) 
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Real Triplet: One-Step EWPT 

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 

Crossover 

FOEWPT 

•  One-step 
•  Non-perturbative 

•  Two-step region 
•  Pert studies to date 
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V. Outlook 
•  Explaining YB is “easy” . Determining which idea (if 

any) was realized in nature is challenging. 

•  Experiment can help by discovering ingredients and/
or falsifying theoretical ideas 

•  The present and prospective future collider program 
can “map out” the thermal history of EWSB and 
determine whether or not the preconditions (out of 
equilibrium) existed for producing YB in conjunction 
~ 10ps after the big bang in conjunction with EWSB 
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•  Change tree-level vacuum structure 
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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]:

V (daisy)
1 = �

T
12⇡

X

{b}0

nb
⇥
m2

b(�, T ) � m2
b(�)

⇤3/2
, (12)

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

1E�3
=

1
12⇡

g3/2�3
!

1
12⇡

⇥
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/)
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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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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
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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
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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
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We revisit the theory and phenomenology of scalar electroweak multiplet thermal dark matter.
We derive the most general, renormalizable scalar potential, assuming the presence of the Standard
Model Higgs doublet, H, and an electroweak multiplet � of arbitrary SU(2)L rank and hypercharge,
Y . We show that, in general, the �-H Higgs portal interactions depend on three, rather than two
independent couplings as has been previously considered in the literature. For the phenomenologi-
cally viable case of Y = 0 multiplets, we focus on the septuplet and quintuplet cases, and consider
the interplay of relic density and spin-independent direct detection cross section. We show that
both the relic density and direct detection cross sections depend on a single linear combination of
Higgs portal couplings, �e↵ . For �e↵ ⇠ O(1), present direct detection exclusion limits imply that
the neutral component of a scalar electroweak multiplet would comprise a subdominant fraction of
the observed DM relic density.
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•  Thermal loops involving new bosons 

•  T=0 loops (CW Potential)  

•  Change tree-level vacuum structure 
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III. MODELS

We consider the renormalizable Higgs portal interactions involving H and � for two illustrative cases. We restrict
our attention to � being a complex scalar with Y = 0. The form of the potential for � being a real representation of
SU(2)L with Y = 0 is relatively simple. The corresponding features have been illustrated in previous studies wherein
� is either an SU(2)L singlet or real triplet. Consequently, we focus on complex representations, using the n = 5 and
n = 7 examples, to illustrate the new features not considered in earlier work.

To proceed, we first introduce some notation. It is convenient to consider both � and the associated conjugate �,
whose components are related to those of � as

�j,m = (�1)j�m�⇤
j,�m , (15)

where j refers to the isospin of the scalar multiplet �. As we discuss in Appendix A, � and � transform in the same
way under SU(2)L. The scalar multiplet � of integer isospin can be either real or complex. If � is a real multiplet,
there is a redundancy � = � such that the constraint �j,m = (�1)j�m

�
⇤
j,�m should be fulfilled. For complex multiplet,

each component represents a unique field, and it can be decomposed into two real multiplets as follows

A =
1
p
2

�
�+ �

�
, B =

i
p
2

�
�� �

�
. (16)

It is easy to verify that both A and B fulfill the realness condition A = A and B = B. Therefore a general model
with a complex multiplet � is equivalent to a model of two interacting real multiplets A and B. Notice that a scalar
multiplet � of half integer isospin is always complex since the realness condition � = � can not be fulfilled anymore.
As we note below, under certain assumptions about the model parameters, the complex scalar multiplets may reduce
to a pair of degenerate real multiplets, allowing for a two-component DM scenario. Since the case of the real triplet
and singlet DM as singlet component DM have been analyzed elsewhere, we do not consider higher dimensional real
representations here. Instead, we focus on the complex Y = 0 examples that, in principle, can embody two-component
real multiplet DM scenarios.

Mφ  < 350 GeV  for 
perturbative a2 , b4 



TEW : A Mass Scale for Colliders 

•  Foregoing arguments: good up to factor of 
~ 2 ! Mφ < 800 GeV (-ish) 

•  QCD production: LHC exclusion ! φ is 
colorless  

•  Electroweak or Higgs portal (h-φ mixing…) 
production ! σPROD  ~ (1- 500) fb (LHC) and 
(0.1-25) pb (100 TeV pp)  

•  Precision Higgs studies: see ahead 
71 
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•  Higgs signal strengths  

•  Higgs self-coupling 

72 

H2φ   Barrier ? 

H-φ  Mixing 

10

VI. THE ELECTROWEAK TEMPERATURE REVISITED

VII. OUTLOOK

VIII. FORMULAE

V (h, T )SM = D(T 2
� T

2
0 )h

2 + �h
4 (37)

T
2
0 = (8�+ loops)

✓
3

2
g
2 + g

0 2 + 2y2t + · · ·

◆�1

v
2 (38)

T0 ⇡ 140 GeV (39)

V (H,�)T=0=V (H) +
a2

2
�
†
�H

†
H + V (�) (40)

V (H)=�µ
2
H

†
H + �(H†

H)2 (41)

V (�)=
b2

2
�
†
�+

b4

4!
(�†

�)2 (42)

�V (h, T ) � �
T

12⇡
M�(h, T )

3 (43)

M�(h, T )
3 =

h
a2

12
T

2 + b2 +
a2

4
h
2
i3/2

(44)

b2 ⇡ �
a2

12
T

2
EW (45)

�V (h, TEW) � �
TEW

12⇡

a
3/2
2

8
h
3 (46)

M�(T = 0) =
a2

4

�
v
2
� T

2
EW/3

�
(47)

V (', T ) =
1

2


�|b2|+

T
2

6

✓
a2 +

3

2
b4

◆�
'
2 +

b4

4!
'
4 (48)

|b2| >
T

2
EW

6

✓
a2 +

3

2
b4

◆
(49)

M�(T = 0) <


a2

4
v
2
�

T
2
EW

6

✓
a2 +

3

2
b4

◆�1/2
(50)

�V0(H,�) =
b3

3!
�
3 +

a1

2
H

†
�H + h.c. , (51)

Z2 - breaking 
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<Σ0 > 

•  Thermal loops 
•  Tree-level barrier 

Illustrate with real 
triplet: Σ ~ (1,3,0) 

H2φ2   Barrier ? 
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•  One-step: Sym phase ! Higgs phase 
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One step 
<Σ0 > 

Illustrate with real 
triplet: Σ ~ (1,3,0) 
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CPV for EW Baryogenesis 
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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 

1.1 x 10-29 ** 

3.3 x 10-26 

* 95% CL ** e- equivalent 

10-35 

10-38 

10-31 

10-30 

10-29 

10-26 

neutron 

 proton 
& nuclei 

atoms 

~ 100 x better 
sensitivity Not shown: 

muon 
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•  Flavored CPV 
•  “Partially secluded” CPV 
•  CPV w/ vector-like fermions 
•  … 



“Two-Step EW Baryogenesis” 
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Present de   

YB 

No EDM constraints 

Present de   

Future dn   

Future dp ?   

Inoue, Ovanesyan, R-M: 1508.05404 

“Partially Secluded CPV” Electroweak BSM CPV 

Two CPV sources for baryon asymmetry 



Flavored EW Baryogenesis 

EWBG by 

? 

φ(x)

 µR

 τL

3

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
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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 ! ττ 
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
F1�µ +

iF2

2M
�µ⌫q

⌫ +
iF3

2M
�µ⌫�5q

⌫ +
FA

M2
(q2

�µ � 6qqµ)�5

�
U(p) (43)

hp
0
| J

EM
µ

|pi
PV

=
FA

M2
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