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TDLI/SJTU: Particle & Nuclear Physics

Underground Experimental Group
1. Dark Matter and Axion (PandaX).  
2. Neutrinoless Double Beta Decay (PandaX).  
3. Neutrino mass, Reactor and Cosmic Experiments

(JUNO, ICECUBE, Hai-Ling Neutrino Telescope).

Collider Experiment Group 
1. LHC Physics.  2.  CEPC R&D.  3.  Muon g-2. 4. Dark photon.

Theory Group 
1. Dark Matter, Dark Energy, Inflation, Phase Transition 

In the Early Universe, Gravitational Waves, and Unification 
of Different Interactions.  

2. Lattice QCD Calculations, Higgs, Neutrino and Flavor 
Physics, New Physics and Collider Phenomenology.
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Amherst Center for Fundamental Interactions

• Experimental & theoretical research at the 
energy, intensity, and cosmic frontiers

• Targeted topical workshop program 

https://www.physics.umass.edu/acfi/

Founded 2013
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EDM’s & Fundamental Questions 

• Do the fundamental laws of nature violate CP 
beyond the known CKM CPV ?

• Why does the Universe contain more matter 
than anti-matter ? 

• What is the mass scale associated with 
Beyond the Standard Model Physics ?

• Is BSM physics perturbative or strongly 
coupled ?
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Goals for This Talk

• Provide a context for drawing implications of EDM 
measurements for the cosmic baryon asymmetry

• Explain how electroweak baryogenesis works

• Review recent theoretical developments in EWBG 
and corresponding phenomenological implications

• Catalyze questions/discussion
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Themes for This Talk

• Electroweak baryogenesis remains a theoretically 
attractive, phenomenologically viable, and 
experimentally testable scenario

• Collider & gravitational wave searches probe the 
“pre-conditions” for successful EWBG

• EDMs remain the most powerful probe of the 
necessary CPV for EWBG

• Considerable challenges remain at the “theory 
frontier” to achieve the most robust confrontation of 
EWBG with experiment
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Outline

I. EDM Basics & the BSM context

II. Baryogenesis Scenarios

III. Electroweak Baryogenesis Overview

IV. Electroweak Phase Transition

V. CPV for EWBG

VI. Outlook
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I. EDM Basics & The BSM Context
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EDMs & SM Physics

dn ~ (10-16 e cm)  x  qQCD +  dn
CKM
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EDMs & SM Physics

dn ~ (10-16 e cm)  x  qQCD +  dn
CKM

dn
CKM = (1 – 6) x 10-32 e cm

C. Seng arXiv: 1411.1476
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

CPV Phase: large enough for baryogenesis ?
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

BSM mass scale: TeV ? Much higher ?

u = 246 GeV Higgs vacuum expectation value
L > 246 GeV Mass scale of BSM physics
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

BSM dynamics: perturbative? Strongly coupled? 

yf Fermion f Yukawa coupling
F Function of the dynamics 
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

Need information from at least three “frontiers” 

• Baryon asymmetry Cosmic Frontier
• High energy collisions Energy Frontier
• EDMs Intensity Frontier



18

II. Baryogenesis Scenarios



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…

19

This talk
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Fermion Masses & Baryon Asymmetry

Partners

Partners

Higgs Mechanism

Electroweak baryogenesis: 
Baryon asymmetry & mf from 
EW symmetry breaking

Something else ?

Leptogenesis: Baryon 
asymmetry & mn from 
lepton number violation

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

EWSBEnd of 
inflation + 
reheating

CMB (decoupl) & 
Recombination

Inflation Radiation Matter Vac

QGP-Had

BBN
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Thermal History

EWSB CMB (decoupl) & 
Recombination

Inflation Radiation Matter Vac

QGP-Had

BBN

Standard Thermal 
Leptogenesis

End of 
inflation + 
reheating

Electroweak 
Baryogenesis
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Fermion Masses & Baryon Asymmetry

Partners

Partners

Higgs Mechanism

Electroweak baryogenesis: 
Baryon asymmetry & mf from 
EW symmetry breaking

Something else ?

Leptogenesis: Baryon 
asymmetry & mn from 
lepton number violation

This lecture
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III. Electroweak Baryogenesis Overview
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EW Baryogenesis: BSM Scalars & CPV

< H0 > < H0 >

How Higgs potential 
energy evolves with T

SM: 1st order EWPT endpoint

Maximum Higgs mass for a 
first order transition

Broken EW 
symmetry
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EW Baryogenesis: BSM Scalars & CPV
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EW Baryogenesis: BSM Scalars & CPV
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New scalars

• Loop effects

• Tree-level barrier
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IV. Electroweak Phase Transition

• Did the necessary preconditions for 
EWBG occur in the early universe ?

• How can we address this question 
experimentally ?

• How reliably can we compute the 
EWPT (thermo) dynamics ?



Electroweak Phase Transition

• Higgs discovery ! What was the thermal 
history of EWSB ?

• Baryogenesis ! Was the matter-antimatter 
asymmetry generated in conjunction with 
EWSB (EW baryogenesis) ?

• Gravitational waves ! If a signal observed in 
LISA, could a cosmological phase transition 
be responsible ?

35



Electroweak Phase Transition

• Higgs discovery ! What was the thermal 
history of EWSB ?

• Baryogenesis ! Was the matter-antimatter 
asymmetry generated in conjunction with 
EWSB (EW baryogenesis) ?

• Gravitational waves ! If a signal observed in 
LISA, could a cosmological phase transition 
be responsible ?

36
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Thermal History of Symmetry Breaking

QCD Phase Diagram à EW Theory Analog? 



EWSB Transition: St’d Model
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EWSB 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 ? SFOEWPT ?
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Patterns of Symmetry Breaking
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S. Weinberg, PRD 9 (1974) 3357

f1 Mass

f2 Mass
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Further, in order to facilitate the discussion of two-step
phase transitions, it will be useful to identify regions of
parameter space where the potential exhibits a secondary
local minimum at point!with positive masses. A straight-
forward calculation yields the condition for the existence
of a secondary minimum,
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which requires !2
! > 0 in Eq. (6).

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

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

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

035013-4

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

Higgs phase

Higgs

BSM S
ca

lar

VEFF (H, F)

How did we 
end up here ?
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Further, in order to facilitate the discussion of two-step
phase transitions, it will be useful to identify regions of
parameter space where the potential exhibits a secondary
local minimum at point!with positive masses. A straight-
forward calculation yields the condition for the existence
of a secondary minimum,
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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.
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Further, in order to facilitate the discussion of two-step
phase transitions, it will be useful to identify regions of
parameter space where the potential exhibits a secondary
local minimum at point!with positive masses. A straight-
forward calculation yields the condition for the existence
of a secondary minimum,
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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.
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Further, in order to facilitate the discussion of two-step
phase transitions, it will be useful to identify regions of
parameter space where the potential exhibits a secondary
local minimum at point!with positive masses. A straight-
forward calculation yields the condition for the existence
of a secondary minimum,
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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.
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• What is the landscape 
of potentials and their 
thermal histories?

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

• How reliably can we 
compute the 
thermodynamics ?



Electroweak Phase Transition

• Higgs discovery ! What was the thermal 
history of EWSB ?

• Baryogenesis ! Was the matter-antimatter 
asymmetry generated in conjunction with 
EWSB (EW baryogenesis) ?

• Gravitational waves ! If a signal observed in 
LISA, could a cosmological phase transition 
be responsible ?
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Further, in order to facilitate the discussion of two-step
phase transitions, it will be useful to identify regions of
parameter space where the potential exhibits a secondary
local minimum at point!with positive masses. A straight-
forward calculation yields the condition for the existence
of a secondary minimum,
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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.
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• How heavy can F be ?

• How coupled to H ?

• Can it be discovered at 
the LHC or beyond ? 
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High-T SM Effective Potential
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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
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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/)

Generate finite-T barrier

Introduce new scalar f
interaction with h via 
the Higgs Portal

h
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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]:

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]:

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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VI. THE ELECTROWEAK TEMPERATURE REVISITED

VII. OUTLOOK

VIII. FORMULAE
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and single f production
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Singlets: Precision & Res Di-Higgs Prod

Kotwal, No, R-M, Winslow  1605.06123

SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies  

SFOEWPT •

h-S Mixing 
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Simplest Extension: two 
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Models & Phenomenology

Thanks: J. M. No Extensive references in MJRM: 1912.07189
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Models & Phenomenology

Thanks: J. M. No

Models & pheno: how reliable ?

Extensive references in MJRM: 1912.07189
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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
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Theory Meets Phenomenology

A. Non-perturbative

B. Perturbative

• Most reliable determination of character 
of EWPT & dependence on parameters

• Broad survey of scenarios & parameter 
space not viable

• Most feasible approach to survey broad 
ranges of models, analyze parameter 
space, & predict experimental signatures

• Quantitative reliability needs to be verified 

Benchmark pert theory
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Real Triplet & EWPT: Novel EWSB

Niemi, R-M, Tenkanen, Weir 2005.11332
• 1 or 2 step
• Non-perturbative

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

€ 

˜ G (x, y) = Pϕa (x)ϕb
* (y) τ ab =

Gt (x, y) −G<(x, y)
G>(x, y) −Gt (x, y)
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CTP or Schwinger-Keldysh Green’s functions

• Appropriate for evolution of “in-in” matrix elements

• Contain full info on number densities: nab
• Matrices in flavor space: (e,µ,t) , ( tL, tR ), …

~ ~

See C. Lee, V. Cirigliano, MJRM, PRD 71 (2005) 075010 [hep-
ph/0412345]; V. Cirigliano et al PRD 81 (2010) 103503 [0912.3523/hep-
ph]; V. Cirigliano et al PRD 84 (2011) 056006 [1106.0747/hep-ph]
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Systematic Baryogenesis:
Formalism: Kadanoff-Baym to Boltzmann

= + + …

€ 

˜ G 

€ 

˜ G 0 +

€ 

˜ G 0

€ 

˜ G 0

€ 

˜ Σ 

€ 

˜ G (x, y) = Pϕa (x)ϕb
* (y) τ ab =

Gt (x, y) −G<(x, y)
G>(x, y) −Gt (x, y)

% 

& 
' 

( 

) 
* 

CTP or Schwinger-Keldysh Green’s functions

• Appropriate for evolution of “in-in” matrix elements

• Contain full info on number densities: nab
• Matrices in flavor space: (e,µ,t) , ( tL, tR ), …

~ ~
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Systematic Baryogenesis:

Scale Hierarchies

Thermal, but not too dissipative

Gradient expansion

Quasiparticle description

ew = vw (kw / w ) << 1

ep = Gp / w << 1

Plural, but not too flavored

ecoll = Gcoll / w << 1

eosc = Dw / T << 1

EW Baryogenesis Leptogenesis

eLNV = GLNV / GH < 1

Gradient expansion

Quasiparticle description

ep = Gp / w << 1

Thermal, but not too dissipative

ecoll = Gcoll / w << 1

! power counting
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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
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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 )

~ ~
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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( )[ ]

Flavor oscillations: flavor off-diag densities
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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( )[ ]

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
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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( )[ ]

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

How large is CPV source ? Riotto; Carena et al; 
Prokopec et al; Cline et al; Konstandin et al; Cirigliano et 
al; Kainulainen….
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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( )[ ]

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

Earlier EDM-EWBG phenomenology: use of “vev
insertion approximation”: under or over estimate ?
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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( )[ ]

Compatible with 
observed BAU

Li, Profumo, RM ‘09-’10

Next gen dn

si
n(
µM

1b
* ) dn = 10-27 e cm

de = 10-28 e cm

de = 10-29 e cmsi
n(
µM

1b
* )

dn = 10-28 e cm

ACME: ThO

BAU in MSSM computed using VIA: how reliable? 
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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( )[ ]

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

Resonant enhancement of 
CPV sources for small eosc

Cirigliano et al
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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( )[ ]

Collision term: scattering, decays, thermal 
masses, particle species changing reactions…
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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( )[ ]

• Application to realistic models for scalar 
theories

• Full formulation for fermions

Open challenges:
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Systematic Baryogenesis:
Illustrative Results: work in progress 

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( )[ ]

Yuan-Zhen Li, Jiang-Hao Yu, MJRM

Two-step EWBG: 1508.05404 

<f0>

j

1
2

Hj

f

Two Higgs doublets

Two BSM Scalar Sectors: one 
SU(2)L real triplet plus gauge 
singlets (“partially secluded 
sector” ), both get vevs in step 1

BAU generated in step 1 à passed 
to Higgs phase in step 2
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Systematic Baryogenesis:
Illustrative Results: work in progress 

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( )[ ]

Yuan-Zhen Li, Jiang-Hao Yu, MJRM

Bubble exterior

Preliminary
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VI. Outlook

• Electroweak baryogenesis remains a theoretically 
attractive, phenomenologically viable, and 
experimentally testable scenario

• Collider & gravitational wave searches probe the 
“pre-conditions” for successful EWBG

• EDMs remain the most powerful probe of the 
necessary CPV for EWBG

• Considerable challenges remain at the “theory 
frontier” to achieve the most robust confrontation of 
EWBG with experiment


