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First Order EWPT from BSM Higgs

5.1
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Figure 3. Schematic temperature dependence of the effective potential.

at very high temperatures. The breakdown of the perturbative expansion can be postponed by
resumming the most dangerous thermal corrections by incorporating thermal mass corrections
in the propagators. The net result of such a daisy resummation is to generate an additional term
in the effective potential [32]:

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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by thermal tunneling [33] from the local minimum at � = 0 to a deeper minimum at � 6= 0. In
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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.
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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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sufficient condition for having a stable neutral scalar that can be the DM, as first noticed

ref. [25]. We emphasize, however, that imposing a tree-level Z2 symmetry on the potential

(a1 = 0 = b3) does not imply a vanishing singlet vev. Only when x0 = 0 is it possible to

have a stable neutral scalar. While this assumption is implicit in many previous analyses,

we find that models with x0 != 0 arise copiously in the present framework.

The fields (h, s) describing fluctuations about the vevs are defined by H0 = (v0+h)/
√

2

and S = x0 + s, at T = 0. The corresponding entries in the mass matrix are given by4

µ2
h ≡

∂2V

∂h2
= 2λ̄0v

2
0 (2.8)

µ2
s ≡

∂2V

∂s2
= b3x0 + 2b4x

2
0 −

a1v2
0

4x0
(2.9)

µ2
hs ≡

∂2V

∂h∂s
= (a1 + 2a2x0) v0 . (2.10)

The mass eigenstates h1 and h2 are defined as

h1 = sin θ s + cos θ h

h2 = cos θ s − sin θ h (2.11)

where the mixing angle θ is given by

tan θ =
y

1 +
√

1 + y2
, where y ≡

µ2
hs

µ2
h − µ2

s
. (2.12)

With this convention, | cos θ| > 1/
√

2, therefore h1 is the mass eigenstate with the largest

SU(2)-like component and h2 that with the largest singlet component. The corresponding

mass eigenvalues are given by

m2
1,2 =

µ2
h + µ2

s

2
±

µ2
h − µ2

s

2

√

1 + y2 (2.13)

where the upper (lower) sign corresponds to m1 (m2).

For future reference it is useful to relate the parameters in V to those appearing in

the notation of ref. [20], where the potential is written in terms of the zero-temperature,

shifted field s only. One has

V (H, s) = −
µ2

h

2

(

H†H
)

+ λ̄0

(

H†H
)2

+
δ1

2

(

H†H
)

s (2.14)

+
δ2

2
(H†H)s2 −

(

δ1µ2
h

8λ̄0

)

s +
κ2

2
s2 +

κ3

3
s3 +

κ4

4
s4 ,

4We discuss corrections resulting from the full Coleman-Weinberg effective potential below. These

corrections lead to numerically small shifts to these conditions.

– 7 –

Phenomenology

m1,2 ; q ; hi hj hk couplings
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7.1
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Singlets: Lattice vs. Pert Theory

7.3

2 loop PT

1 loop PT

Lattice: 
FOEWPT

Lattice: 
Crossover

Future e+e-

• Lattice: crossover-FOEWPT boundary
• FOEWPT region: PT-lattice agreement
• Pheno: precision Higgs studies may be sensitive to a greater 

portion of FOEWPT-viable param space than earlier realized

Lauri Niemi, MJRM, Gutao Xia, 2405.01191 (today!)  
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Simple Higgs portal models:

• Real gauge singlet (SM + 1)
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8.3

Simple Higgs portal models:

• Real gauge singlet (SM + 1)

• Real EW triplet (SM + 3)

V          a1 H2f + a2 H2f2U
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Phenomenology

• Gravitational waves
• Collider: hà gg , dis 

charged track, NLO e+e-

à Zh…

Small
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BSM EWPT: Inter-frontier Connections

Phase 
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GW 
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Robust theory: 
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Hydro: 
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Observables: 
model specific
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Real Triplet & EWPT: Novel EWSB

Niemi, R-M, Tenkanen, Weir 2005.11332 
à PRL 126 (2021) 17

• 1 or 2 step
• Non-perturbative

Crossover

H
ig

gs
 P

or
ta

l C
ou

pl
in

g

1

b4

!
1

2
a2v

2
0 !m2

!

"
<

1

2
m2

Hv
2
0: (7)

Further, in order to facilitate the discussion of two-step
phase transitions, it will be useful to identify regions of
parameter space where the potential exhibits a secondary
local minimum at point!with positive masses. A straight-
forward calculation yields the condition for the existence
of a secondary minimum,

1

2
m2

H >
1

2

a2
b4

!
1

2
a2v

2
0 !m2

!

"
; (8)

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

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

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

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

035013-4

Two Step

Lattice

One Step
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BSM Scalar:  EWPT & GW

Gould, Kozaczuk, Niemi, R-M, Tenkanen, Weir 1903.11604
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BSM Scalar:  EWPT & GW

3d SM-like 

EFT
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GW & EWPT Phase Diagram 

Friedrich, MJRM, Tenkanen, Tran 2203.05889

• Single step transition: GW well outside LISA sensitivity
• Second step of 2-step transition can be observable
• Significant GW sensitivity to portal coupling

2nd Step
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GW & EWPT Phase Diagram

• Two-step
• EFT+ Non-perturbative

BMA: mS + hà gg

BMA’ : BMA + S0à ZZ

2nd Step

Lisa

Crossover
1 Step FO

BMA

BMA’

Friedrich, MJRM, Tenkanen, Tran 2203.05889
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EWBG Ingredients

• EW Sphalerons

• Strong 1st Order EW 
Phase Transition

• Left-handed number 
density

BSM Higgs

BSM CPV
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BSM CPV: Inter-frontier Connections

CPV 
Asymmetry

BSM 
Scenarios

CPV 
Probes

Robust theory: 
Quantum transport, 
bubble dynamicis

EDM, heavy 
flavor…

Models, other 
pheno…

Mapping Consistency
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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

n

7.4 x 10-30

4.1 x 10-30 **

1.8 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 
sensitivityNot shown:

muon

HfF+
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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

n

7.4 x 10-30

4.1 x 10-30 **

1.8 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 
sensitivityNot shown:

muon

HfF+

Challenge for EWBG



Two-Step EW Baryogenesis

Baryogenesis

Quench 
sphalerons

Small entropy 
dilution

S dark 
matter

<f0>
New sector: “Real Triplet” S

Gauge singlet S

H ! Set of “SM” fields: 2 HDM

Illustrative Model:

Two CPV Phases:

dS : Triplet phase
dS : Singlet phase

(SUSY: “TNMSSM”, Coriano…) 

15.1
Inoue, Ovanesyan, R-M: 1508.05404 



Two-Step EW Baryogenesis & EDMs

Two CPV Phases:

dS : Triplet phase
dS : Singlet phase

Insensitive to dS : electrically 
neutral ! “partially secluded”

EDMs are Two Loop

15.2
Inoue, Ovanesyan, R-M: 1508.05404 



16.1

Transport Theory

Transport Problem:

• Particle masses 
depend on spacetime 
à CPV sources

• Include CPC effects in 
thermal plasma? 

ϕ new

? 

φ(x)

Unbroken phase

Broken phase
CP Violation 
& Transport



16.2

Transport Theory

• Bubble dynamics

• CPV Sources

• Chemical & thermal 
equilibration, diffusion…

Transport Problem:

• Particle masses 
depend on spacetime 
à CPV sources

• Include CPC effects in 
thermal plasma? 

ϕ new

? 

φ(x)

Unbroken phase

Broken phase
CP Violation 
& Transport



16.3

Transport Theory

• Bubble dynamics

• CPV Sources

• Chemical & thermal 
equilibration, diffusion…

Quantum Kinetic Eqs

Transport Problem:

• Particle masses 
depend on spacetime 
à CPV sources

• Include CPC effects in 
thermal plasma? 

ϕ new

? 

φ(x)

Unbroken phase

Broken phase
CP Violation 
& Transport



16.4

Transport Theory

Quantum Kinetic Eqs

Transport Problem:

• Particle masses 
depend on spacetime 
à CPV sources

• Include CPC effects in 
thermal plasma? 

ϕ new

? 

φ(x)

Unbroken phase

Broken phase
CP Violation 
& Transport

• Vev insertion approx (VIA) : “perturbative” 
expansion in v(x) à CPV 1st order in v’(x) but 
theoretically fraught

• WKB/Semiclassical: re-sum v(x) à CPV 2nd
order in v’(x) 

• Vev resummation (VR): re-sum v(x) à CPV 1st
order in v’(x) for flavor mixing & realistic 
inclusion of CPC plasma interactions

Closed Time Path



16.4

Transport Theory

Quantum Kinetic Eqs

Transport Problem:

• Particle masses 
depend on spacetime 
à CPV sources

• Include CPC effects in 
thermal plasma? 

ϕ new

? 

φ(x)

Unbroken phase

Broken phase
CP Violation 
& Transport

• Vev insertion approx (VIA) : “perturbative” 
expansion in v(x) à CPV 1st order in v’(x) but 
theoretically fraught

• WKB/Semiclassical: re-sum v(x) à CPV 2nd
order in v’(x) 

• Vev resummation (VR): re-sum v(x) à CPV 1st
order in v’(x) for flavor mixing & realistic 
inclusion of CPC plasma interactions

Closed Time Path

Cirlgliano, Lee, MJRM, Tulin
1912.3523; Clrigliano, Lee, 
Tulin 1106.0747
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Two-Step EWBG: Transport Theory & EDMS

Bubble exterior Bubble interior

Yuan-Zhen Li, MJRM, Jiang-Hao Yu 2404.19197
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Two-Step EWBG: Transport Theory & EDMS

Bubble exterior Bubble interior

Yuan-Zhen Li, MJRM, Jiang-Hao Yu 2404.19197
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Two-Step EWBG: Transport Theory & EDMS

Bubble exterior Bubble interior

a2 H1
* H2 S 2 + c.c.

Yuan-Zhen Li, MJRM, Jiang-Hao Yu 2404.19197



17.4

Two-Step EWBG: Transport Theory & EDMS

Bubble exterior Bubble interior

Collisional 
damping

a2 H1
* H2 S 2 + c.c.

CPV source

Yuan-Zhen Li, MJRM, Jiang-Hao Yu 2404.19197
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Two-Step EWBG: Transport Theory & EDMS

Bubble exterior Bubble interior

Collisional 
damping

a2 H1
* H2 S 2 + c.c.

CPV source

EDM exclusion

Yuan-Zhen Li, MJRM, Jiang-Hao Yu 2404.19197



CPV for EWBG

EDM

EWBG

EDM

Theoretical ingenuity

18.1
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How Viable is EWBG ?

• Electroweak baryogenesis remains a theoretically 
compelling and experimentally testable scenario

• Experimental information from the cosmic, 
energy, and intensity frontiers provides essential 
input for assessing EWBG viability

• A robust confrontation of theory and experiment 
relies on continual improvements in theoretical 
tools, from high-T EFT and lattice 
thermodynamics through quantum transport 
theory and more
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T. D. Lee Institute / Shanghai Jiao Tong U.

A point of 
convergence 

of the 
world’s top 
scientists

A world 
famous

source of 
original 

innovation

A launch 
pad for the 

early-
career 

scientists

Founded 2016

Particle & Nuclear 

Physics

Astronomy & 

Astrophysics

Quantum

Science

Dark Matter & 

Neutrino

Laboratory 

Astrophysics

Topological 

Quantum 

Computation

Theory & Experiment faculty members from
17 countries and
regions, with over
40% of them foreign
(non-Chinese) citizens

100+

https://tdli.sjtu.edu.cn/EN/

Director

Prof Jie
Zhang

https://www.youtube.com/
watch?v=z0awD6q8FTI
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T. D. Lee Institute / Shanghai Jiao Tong U.

A point of 
convergence 

of the 
world’s top 
scientists

A world 
famous

source of 
original 

innovation

A launch 
pad for the 

early-
career 

scientists

Founded 2016

Particle & Nuclear 

Physics

Astronomy & 

Astrophysics

Quantum

Science

Dark Matter & 

Neutrino

Laboratory 

Astrophysics

Topological 

Quantum 

Computation

Theory & Experiment faculty members from
17 countries and
regions, with over
40% of them foreign
(non-Chinese) citizens

100+

https://tdli.sjtu.edu.cn/EN/

Director

Prof Jie
Zhang

https://www.youtube.com/
watch?v=z0awD6q8FTI

Welcome to Shanghai !
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How Viable is EWBG ?

• Electroweak baryogenesis remains a theoretically 
compelling and experimentally testable scenario

• Experimental information from the cosmic, 
energy, and intensity frontiers provides essential 
input for assessing EWBG viability

• A robust confrontation of theory and experiment 
relies on continual improvements in theoretical 
tools, from high-T EFT and lattice 
thermodynamics through quantum transport 
theory and more 谢谢！
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Back Up Slides



B2.1

Systematic Baryogenesis:
Formalism: Kadanoff-Baym to Boltzmann

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

Kinetic eq (approx) in Wigner space: Lowest non-trivial order in grad’s



B2.2

Systematic Baryogenesis:
Formalism: Kadanoff-Baym to Boltzmann

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

Kinetic eq (approx) in Wigner space: Lowest non-trivial order in grad’s

Spacetime evolution of densities



B3.3

Systematic Systematic Baryogenesis:
Formalism: Kadanoff-Baym to Boltzmann

Kinetic eq (approx) in Wigner space:

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

Diagonal after rotation to local mass basis:

€ 

M 2 X( ) =U + m2 X( )U

€ 

Σµ X( ) =U +∂µU
~ ~( tL, tR ) ! ( t1, t2 )

~ ~



B4.4

Systematic Baryogenesis:
Formalism: Kadanoff-Baym to Boltzmann

Kinetic eq (approx) in Wigner space:

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

Flavor oscillations: flavor off-diag densities



B5.5

Systematic Baryogenesis:
Formalism: Kadanoff-Baym to Boltzmann

Kinetic eq (approx) in Wigner space:

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

CPV in m2(X): for EWB, arises from spacetime 
varying complex phase(s) generated by 
interaction of background field(s) (Higgs vevs) 
with quantum fields

€ 

Σµ X( ) =U +∂µU à First order in v’ (x) 



B5.6

Systematic Baryogenesis:
Formalism: Kadanoff-Baym to Boltzmann

Kinetic eq (approx) in Wigner space:

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

Collision term: CP conserving interactions 
leading to thermalization, chemical 
equilibration, diffusion, damping,…
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Systematic Baryogenesis:
Formalism: Kadanoff-Baym to Boltzmann

Kinetic eq (approx) in Wigner space:

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

Effective Dw between 
particle & antiparticle 
flavor oscillations

Phase in m2 (x)

Rotation to mass basis: q



General Considerations

<S0>

Baryogenesis

Quench 
sphalerons

Small entropy 
dilution

S dark 
matter

B6.1

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

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

What are possibilities for 
generating CPV asymmetries 
needed for baryogenesis 
during the first step ?



2-Step EWBG: Rich Array of Scenarios

<S0>

Baryogenesis

Quench 
sphalerons

Small entropy 
dilution

S dark 
matter

58

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

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

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

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



2-Step EWBG: Rich Array of Scenarios

<S0>

Baryogenesis

Quench 
sphalerons

Small entropy 
dilution

S dark 
matter

59

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

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

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

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



Illustrative Study

<S0>

Baryogenesis

Quench 
sphalerons

Small entropy 
dilution

S dark 
matter

60

CPV asymmetry generated in SM 
sector via interactions with the fj

Considerations:

• Renormalizable interactions in 
scalar sector

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

• At least two scalar fields mix 
due to vNEW (x), at least one of 
which is in SM sector



TEW à Scale for Colliders & GW probes

B8.1

High-T SM Effective Potential

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

+ …

T0 ~  140 GeV TEW

MJRM: 1912.07189



TEW à Scale for Colliders & GW probes

B8.2

High-T SM Effective Potential

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
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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
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⇤Electronic address: mjrm@physics.umass.edu

+ …

T0 ~  140 GeV TEW
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FO EWPT à Collider target:
MBSM <  700 GeV

d kH > 0.01
~

~
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Challenges for Theory

• I.R. problem: poor 
convergence

• Thermal resummations

• Gauge Invariance 
(radiative barriers)

• RG invariance at T>0

Perturbation theory Non-perturbative (I.R.) 

• Computationally and labor 
intensive

BSM proposals 
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EFT 1: Thermodynamics

Matching: Two Elements

Dimensional Reduction

Thermal Loops

t �! i⌧ (55)

G�(⌧ ; ~x� ~x0) ⌘ G(0, i⌧ ; ~x� ~x0)� (56)

G�(⌧ ;~r) = G�(⌧ + �;~r) (57)

�
2+m

2
�
G(t, t

0
; ~x� ~x0) = ��

4
(x) (58)

~r = ~x� ~x
0

(59)

✓
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2

@⌧ 2
+r2 �m

2

◆
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3
(r)�(⌧) (60)
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�
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3
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e
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1

!2
n
+ ~k2 +m2

(62)

!n =

8
><
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2n⇡

�
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(2n+1)⇡

�
, fermions

(63)

Z
d
4
k

(2⇡)4
�! 1

�

X

n

Z
d
3
k

(2⇡)3
(64)

�[�c] = Scl(�c) +
i~
2
Tr ln G

�1
(65)

Scl[�] =

Z
d
4
x [ @

µ
�@µ�� V0(�) ] (66)

5

All integrals are 3D with prefactor T  à Rescale fields, couplings…

• j 24d = T j 23d
• T l 4d = l 3d  

Equate Greens functions

Field Quartic coupling


