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Goals for this Talk

• What I won’t do: Give a theoretical 
summary overview

• What I will do: Share my perspective on 
two themes



Fundamental Physics: Past & Future
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Two Themes

• Progress will come from focusing on well-
posed scientific questions à potential for 
insights and/or discoveries
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“Historical” Examples 

“Spin Crisis” EMC ‘88
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Two Themes

• Progress will come from focusing on well-
posed scientific questions à potential for 
insights and/or discoveries

• It’s important to think beyond boundaries of 
funding agency priorities and conventional 
sub-field categories à rich opportunities 
from inter-frontier connections
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“Historical” Examples 
Nuclear Science Long Range Plan 
Pre-Town Meeting: Los Alamos 2006 
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The BSM Dog Race 
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This talk: I’ll focus on a problem I’m particularly 
immersed in to illustrate à other areas of 
inquiry equally important & interest 

MRM
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Outline

I. Questions & Frontiers

II. Origin of matter: EW scale

III. Outlook 

IV. Origin of matter & neutrino physics

V. Electroweak precision tests

Another day
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I. Questions & Frontiers



Fundamental Questions

SHOULD answerMUST answer
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic



22

Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

Li
fe

tim
e 

Fr
on

tie
r



23

Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

Li
fe

tim
e 

Fr
on

tie
r

HEP : New (heavy) particles 



24

Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

Li
fe

tim
e 

Fr
on

tie
r

HEP : New (heavy) particles 

HEP : H & Z factories



25

Frontiers

Historical artifact: US HEP 
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HEP + Nuc

V. Cirigliano, INT EIC ‘24

• Precision tests: 
muon g-2, PV ee…

• Fundamental 
symmetry tests (CP, 
Lepton number…)

• Neutrino properties
• Flavor physics
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Nuclear Physics Connections

Fundamental symmetries & 
neutrinos: “Intensity Frontier”

0nbb 
Decay EDMs

Precision 
tests

Lepton 
number

CP & T

Muon g-2, PV 
ee, b decay…
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More Matter than Antimatter ?

Paradigmatic inter-frontier challenge

When & how was the baryon asymmetry generated ?



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…

31



Cosmic Baryon Asymmetry

One number ! IIII IIII IIII … Explanations

BARYOGENESIS THEORIES

Theory

Experiment can help:

• Discover ingredients
• Falsify candidates 
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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
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II. Origin of Matter: EW Scale

Was the baryon asymmetry generated 
in conjunction with spontaneous EW 
symmetry breaking ? 
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EWBG Ingredients

• EW Sphalerons

• Strong 1st Order EW 
Phase Transition

• Left-handed number 
density
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Was There an Electroweak Phase Transition ?

• Interesting in its own right

• Key ingredient for EW baryogenesis

• Source of gravitational radiation 
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Was There an Electroweak Phase Transition ?
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Was There an Electroweak Phase Transition ?
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FOEWPT C
rossover

How does this picture change 
in presence of new TeV scale 
physics ? What is the phase 
diagram ? SFOEWPT ?



What Was the EWSB Thermal History ?
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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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indicated in the left and right panels of Fig. 3, respectively.
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cases: (a) Equation (7) alone being satisfied, corresponding
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(b) both Eqs. (7) and (8) holding, corresponding to the
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indicated in Fig. 2. Potential A (corresponding to regions A of Fig. 2) displays no critical point along the " direction, whereas 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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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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Particle physics (phase transitions, domain walls…) 
à possible GW sources at range of frequencies
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EWPT laboratory for GW micro-physics: colliders can probe 
particle physics responsible for non-astro GW sources à
test our framework for GW microphysics at other scales 
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EWPT: Theory-Pheno Interface

Theoretical developments à
phenomenological implications
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Models & Phenomenology
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Models & pheno: how reliable ?
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Simple Higgs portal models:

• Real gauge singlet (SM + 1)

• Real EW triplet (SM + 3)
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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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=
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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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Simple Higgs portal models:

• Real gauge singlet (SM + 1)

• Real EW triplet (SM + 3)
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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
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∂2V
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2
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4x0
(2.9)

µ2
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∂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
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2
±
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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
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µ2
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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



64

Collider Probes
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• Heavy h2 production *

• Associated production (Z h1 ) and non-
resonant di-Higgs production *

• Exotic Higgs decays **

* Heavy h2

** Light h2
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SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies  

SFOEWPT •

h-S Mixing 
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See also: Huang et al, 1701.04442; 
Li et al, 1906.05289
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SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies  

SFOEWPT •
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Singlets: Lattice vs. Pert Theory

69

2 loop PT

1 loop PT

Lattice: 
FOEWPT

Lattice: 
Crossover

Lauri Niemi, MJRM, Gutao Xia, 2405.01191 
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2 loop PT

1 loop PT

Lattice: 
FOEWPT

Lattice: 
Crossover

Future e+e-

Lauri Niemi, MJRM, Gutao Xia, 2405.01191 
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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 
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Collider Probes

• Resonant di-Higgs (h1 h1 ) production *

• Heavy h2 production *

• Associated production (Z h1 ) and non-
resonant di-Higgs production *

• Exotic Higgs decays **

* Heavy h2

** Light h2 € 

b

€ 

b 

t+

t-
h1 h2

h2

g122



Light Singlets: Exotic Higgs Decays

73
J. Kozaczuk, MR-M, J. Shelton 1911.10210
See also: Carena et al 1911.10206, Carena et al 
2203.08206, Wang et al 2203.10184

EWPT viable: 
numerical

EWPT viable: 
Semi analytic 
à nucleation 
decisive

One loop perturbation theory

|sin q|

m2h1 à h2 h2
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J. Kozaczuk, MR-M, J. Shelton 1911.10210
See also: Carena et al 1911.10206, Carena et al 
2203.08206, Wang et al 2203.10184

EWPT viable: 
numerical

EWPT viable: 
Semi analytic 
à nucleation 
decisive

One loop perturbation theory

|sin q|

m2h1 à h2 h2



Light Singlets: Exotic Higgs Decays
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EWPT viable: 
numerical

One loop perturbation theory

|sin q|

h1 à h2 h2 m2

q  = 10 -4

q  = 10 -6

CMS Timing

h1 à h2 h2 à 4b (prompt)

CEPC 4b

J. Wang et al (Snowmass) 2203.10184h1 à h2 h2 à 4j  Displaced (LLP) 

W. Liu, A. Yang, H. Sun, PRD 105 (2022) 115040

LHC: 2019 & HL

Lifetim
e frontier



Theory-Pheno Interface
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Simple Higgs portal models:

• Real gauge singlet (SM + 1)

• Real EW triplet (SM + 3)

V          a1 H2f + a2 H2f2U

h

f

h

f

h

f
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Simple Higgs portal models:

• Real gauge singlet (SM + 1)

• Real EW triplet (SM + 3)

V          a1 H2f + a2 H2f2U

h

f

h

f

h

f

Small
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Simple Higgs portal models:

• Real gauge singlet (SM + 1)

• Real EW triplet (SM + 3)

V          a1 H2f + a2 H2f2U

h

f

h

f

h

f

Phenomenology

• Gravitational waves
• Collider: hà gg , dis 

charged track, NLO e+e-

à Zh…

Small
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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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Real Triplet & EWPT: Novel EWSB

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

Crossover
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2
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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.

100 120 140 160 180 200
0.0

0.5

1.0

1.5

2.0

m

b 4

mH 125 GeV, a2 1.07

EW vacuum
unstable

AB

2 1 0 1 2

0.0

0.5

1.0

1.5

2.0
m

b 4

mH 125 GeV 150 GeV,

a2

EW vacuum
unstable

A B

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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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)

035013-4

Two Step

Lattice

One Step

MRM, Yu, Zhou 
2104.10708

Higgs fa
ctory 

+ HL LHC
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BSM EWPT: Inter-frontier Connections

Phase 
Diagram

Collider 
Signatures

GW 
Signals

Robust theory: 
EFT + lattice

Hydro: 
a , b / H*

Observables: 
model specific

Mapping
Combined 
reach
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BSM EWPT: Inter-frontier Connections

Phase 
Diagram

Collider 
Signatures

GW 
Signals

Robust theory: 
EFT + lattice

Hydro: 
a , b / H*

Observables: 
model specific

Mapping
Combined 
reach

** How can we exploit experiment to 
identify EWPT-viable models & 
parameters ?

GW – Collider “inverse problem” **
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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

1 Step FO

LISA

Latent heat

(D
ur

at
io

n)
-1

Crossover
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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



CPV for EWBG

88

EWSBYB : CPV & 
EW sphalerons EWSBYB : diffuses 

into interiors 

1st order EWPT 1st order EWPT à
“strong” to preserve YB



CPV for EWBG

89

EWSBYB : CPV & 
EW sphalerons EWSBYB : diffuses 

into interiors 

1st order EWPT 1st order EWPT à
“strong” to preserve YB

• Electric dipole 
moments

• Heavy flavor CPV

• Higgs CPV
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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

10-30

10-26

neutron

proton 
& nuclei

atoms

~ 100 x better 
sensitivityNot shown: 

muon

HfF+



91

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

10-30

10-26

neutron

proton 
& nuclei

atoms

~ 100 x better 
sensitivityNot shown: 

muon

HfF+

Challenge for nuc & AMO
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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

10-30

10-26

HfF+

Einternal

d
e

g
p

Polar molecules: 
paramagnetic 

Nucleon

Nucleus

Diamagnetic atom
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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

10-30

10-26

HfF+

Einternal

d
e

g
p

Polar molecules: 
paramagnetic 

Nucleon

Nucleus

Diamagnetic atom
de + CPV eq

qQCD , dq + CPV 
gq, ggg, qq…

“Schiff moment” 
+ CPV eq”
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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

10-30

10-26

HfF+

Einternal

d
e

g
p

Polar molecules: 
paramagnetic 

Nucleon

Nucleus

Diamagnetic atom
de + CPV eq

qQCD , dq + CPV 
gq, ggg, qq…

THEORY

“Schiff moment” 
+ CPV eq”
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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

10-30

10-26

HfF+

Einternal

d
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p

Polar molecules: 
paramagnetic 

Nucleon

Nucleus

Diamagnetic atom

AMO
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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

10-30

10-26

HfF+

Einternal

d
e

g
p

Polar molecules: 
paramagnetic 

Nucleon

Nucleus

Diamagnetic atom

AMO QCD
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EDMs: New CPV?
• SM 
“background” well 
below new CPV 
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YB : CPV, diffusion  & EW sphalerons

• Can the CPV interactions 
be sufficiently “large” ?

• Reliable quantum transport 
computations ?
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2HDM CPV : EDMs 2014 
CPV & 2HDM: Type II illustration l6,7 = 0 for simplicity

18

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

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

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

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

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.
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2HDM CPV : EDMs & LHC 2024
CPV & 2HDM: Type II illustration l6,7 = 0 for simplicity
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FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

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

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

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

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.
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CPV & 2HDM: Type II illustration l6,7 = 0 for simplicity
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FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

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

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

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

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.
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2HDM CPV : Had & Nuc Structure
CPV & 2HDM: Type II illustration l6,7 = 0 for simplicity
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LHCb

treatments of the EWPT, we also refer the readers to a
recent and more extensive discussion [11].

Two-Higgs-doublet model.—The Higgs sector in the
general 2HDM is [Hu;d are Higgs doublets with their SM
gauge charges being (0, 2, !1=2)]

L ¼ !u
ij
!Qið"Hy

d Þu
j
R % !d

ij
!QiHdd

j
R % yuij !Q

iHuu
j
R

þ ydij !Q
ið"Hy

u ÞdjR þ H:c: (1)

In a supersymmetric embedding, the first term can arise at
loop level [12]. For experimental relevance, we focus on
the two-flavor b-s system. The study can be extended to a
three-flavor system without requiring essential changes in
this mechanism. The mass matrix is

mij ¼ yijvu þ !ijvd ¼ ðyij sin#þ !ij cos#Þv; (2)

where vu;d are vacuum expectation values (VEVs) of the

neutral Higgs fields with v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
u þ v2

d

q
and tan# ¼

vu=vd. vu;d are functions of spacetime during the EWPT.

Meanwhile, Hbs ¼ % cos#Hu þ sin#Hy
d , a linear combi-

nation of Higgs mass eigenstates, will introduce flavor-
changing neutral current (FCNC) effects at zero
temperature.

Since we are investigating the feasibility that a common
phase can source the BAU and account for the Bs

CP-violating observables, we will work in a simplified
but sufficiently representative scenario, deferring a more
comprehensive treatment to future work where the follow-
ing scenario would arise in one region of parameter space.
First, we take tan# ¼ 1 at zero temperature, emphasizing
that tan# is not a constant during an EWPT. Second, we
assume ysb ¼ !sb ¼ msb ¼ 0. In the limit of yss, !ss ! 0,
there is one CP-violating phase after appropriate field
redefinitions. Without loss of generality, we assume that
!bs is complex (with $!bs

¼ Argð!bsÞ) and ybs, ybb and !bb

are real, and furthermore, assume !ii ¼ yii and j!bsj ¼
jybsj. The mass matrix is then

!2%ss 0
%bsð!1þ ei$!bs Þ !2%bb

" #
v; (3)

here %ij ¼ j!ijj=
ffiffiffi
2

p
and the ‘‘!’’ signs are due to yss, ybs

and ybb> or <0. Denoting mbs as mbs ¼ " expði$Þ, we
have" ¼ 2%bsj cosð$!bs

=2Þjv, $ ¼ $!bs
=2 for ybs > 0, and

" ¼ 2%bsj sinð$!bs
=2Þjv, $ ¼ ð$!bs

þ &Þ=2 for ybs < 0.
The mass matrix can be diagonalized by a unitary trans-

formation Uy
LMUR ¼ D. In the small mss limit, UL is

trivial and UR is parametrized by a rotation angle 'R ¼
% arctanð"=mbbÞ. The coupling of Hbs and bL, sR quarks
in the mass eigenstate basis is given by

(bs ¼ %bs½(1þ expði$!bs
Þ) cos'R: (4)

with Argð(bsÞ ¼ $! &=2 for ybs > 0 and <0, respec-
tively. It is just the phase $ (or $!bs

) that both introduces

CP-violation in b ! s transitions (via (bs) and source the
generation of baryon asymmetry (via mbs).
Electroweak beautygenesis.—Production of the BAU

during a first-order EWPT involves a dynamic generation
of CP-violating charge asymmetries through particle in-
teractions in the wall of nucleated bubbles. Those charge
asymmetries are converted, via left-handed fermions (nL),
into the baryon asymmetry through the electroweak
sphaleron transitions. We ignore the wall curvature in our
analysis so all relevant functions depend on the variable
!z ¼ zþ vwt. Here vw is the wall velocity; !z < 0 and >0
correspond to the unbroken and broken phases, respec-
tively; and the boundary extends over 0< !z < Lw. As
pointed out in [13], the transport properties of particles
during the EWPT is most appropriately treated using non-
equilibrium quantum field theory. Working in its closed
time path formulation (for pedagogical discussions, see
[14]) and under the ‘‘VEV-insertion’’ approximation (see,
e.g., Refs. [9,13–15]), we compute the CP-violating source
induced by the Higgs mediated process bL ! sR ! bL.
It is given by

SCPbL ¼ %SCPsR ¼ Nc"ð !zÞ2
&2

_$ð!zÞ
Z 1

0

dkk2

!bL!sR

* Im
$ðE+

bL
EsR % k2ÞðnFðEsRÞ % nFðE+

bL
ÞÞ

ðEsR % E+
bL
Þ2

þ ðEbLEsR þ k2ÞðnFðEsR Þ þ nFðEbLÞÞ
ðEsR þ EbLÞ2

%
: (5)

Here, nFðxÞ ¼ 1=ðexpðxÞ þ 1Þ is the Fermi distribution;
EbL;sR ¼ !bL;sR % i#bL;sR are complex poles of the spectral
function with !2

bL;sR
¼ k2 þm2

bL;sR
; and mbL;sR and #bL;sR

are thermal parameters. This source corresponds to the
‘‘A’’-type terms in Eq. (58) of [14], after properly account-
ing for temperature-independent vacuum contributions that
are removed via normal ordering [16]. The quantity _$ð!zÞ ¼
d$ð!zÞ=dt is given by

_$ð!zÞ ¼ %2fð!zÞ
"ð!zÞ2 sgnðybsÞ%2

bsð1Þ sin$!bs
(6)

with fð!zÞ ¼ ð _vuð!zÞvdð!zÞ % vuð!zÞ _vdð!zÞÞ , vwv
2)#=Lw

being a function describing the relative variation of the
Higgs VEVs across the bubble wall. Although analyses
performed in the MSSM [17] indicate )#,Oð10%2Þ, a
systematic analysis is absent in the 2HDM. Here, we will
simply adopt )# ¼ %0:05 (if ybs is complex and !bs is
real, we need )#> 0 to keep the sign of fð!zÞ unchanged).
Note, SCPbL is nonzero only within the moving bubble wall,

where _$ð!zÞ ! 0.
In contrast to EWBG driven by flavor-diagonal sources,

the transport of both the second and third family particles is
sourced by CP-violating terms. We define the number
densities fQ1;2;3; U;D; C; S; T; B;H ¼ Hþ

u þH0
u %H%

d %
H0

dg which correspond, respectively, to left-chiral quarks

PRL 108, 221301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
1 JUNE 2012

221301-2

CPV t ! c

CPV b ! s
Liu, RM, Shu ‘12
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treatments of the EWPT, we also refer the readers to a
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Two-Higgs-doublet model.—The Higgs sector in the
general 2HDM is [Hu;d are Higgs doublets with their SM
gauge charges being (0, 2, !1=2)]
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In a supersymmetric embedding, the first term can arise at
loop level [12]. For experimental relevance, we focus on
the two-flavor b-s system. The study can be extended to a
three-flavor system without requiring essential changes in
this mechanism. The mass matrix is

mij ¼ yijvu þ !ijvd ¼ ðyij sin#þ !ij cos#Þv; (2)

where vu;d are vacuum expectation values (VEVs) of the

neutral Higgs fields with v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
u þ v2
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and tan# ¼

vu=vd. vu;d are functions of spacetime during the EWPT.

Meanwhile, Hbs ¼ % cos#Hu þ sin#Hy
d , a linear combi-

nation of Higgs mass eigenstates, will introduce flavor-
changing neutral current (FCNC) effects at zero
temperature.

Since we are investigating the feasibility that a common
phase can source the BAU and account for the Bs

CP-violating observables, we will work in a simplified
but sufficiently representative scenario, deferring a more
comprehensive treatment to future work where the follow-
ing scenario would arise in one region of parameter space.
First, we take tan# ¼ 1 at zero temperature, emphasizing
that tan# is not a constant during an EWPT. Second, we
assume ysb ¼ !sb ¼ msb ¼ 0. In the limit of yss, !ss ! 0,
there is one CP-violating phase after appropriate field
redefinitions. Without loss of generality, we assume that
!bs is complex (with $!bs

¼ Argð!bsÞ) and ybs, ybb and !bb

are real, and furthermore, assume !ii ¼ yii and j!bsj ¼
jybsj. The mass matrix is then

!2%ss 0
%bsð!1þ ei$!bs Þ !2%bb

" #
v; (3)

here %ij ¼ j!ijj=
ffiffiffi
2
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and the ‘‘!’’ signs are due to yss, ybs

and ybb> or <0. Denoting mbs as mbs ¼ " expði$Þ, we
have" ¼ 2%bsj cosð$!bs

=2Þjv, $ ¼ $!bs
=2 for ybs > 0, and

" ¼ 2%bsj sinð$!bs
=2Þjv, $ ¼ ð$!bs

þ &Þ=2 for ybs < 0.
The mass matrix can be diagonalized by a unitary trans-

formation Uy
LMUR ¼ D. In the small mss limit, UL is

trivial and UR is parametrized by a rotation angle 'R ¼
% arctanð"=mbbÞ. The coupling of Hbs and bL, sR quarks
in the mass eigenstate basis is given by

(bs ¼ %bs½(1þ expði$!bs
Þ) cos'R: (4)

with Argð(bsÞ ¼ $! &=2 for ybs > 0 and <0, respec-
tively. It is just the phase $ (or $!bs

) that both introduces

CP-violation in b ! s transitions (via (bs) and source the
generation of baryon asymmetry (via mbs).
Electroweak beautygenesis.—Production of the BAU

during a first-order EWPT involves a dynamic generation
of CP-violating charge asymmetries through particle in-
teractions in the wall of nucleated bubbles. Those charge
asymmetries are converted, via left-handed fermions (nL),
into the baryon asymmetry through the electroweak
sphaleron transitions. We ignore the wall curvature in our
analysis so all relevant functions depend on the variable
!z ¼ zþ vwt. Here vw is the wall velocity; !z < 0 and >0
correspond to the unbroken and broken phases, respec-
tively; and the boundary extends over 0< !z < Lw. As
pointed out in [13], the transport properties of particles
during the EWPT is most appropriately treated using non-
equilibrium quantum field theory. Working in its closed
time path formulation (for pedagogical discussions, see
[14]) and under the ‘‘VEV-insertion’’ approximation (see,
e.g., Refs. [9,13–15]), we compute the CP-violating source
induced by the Higgs mediated process bL ! sR ! bL.
It is given by
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Here, nFðxÞ ¼ 1=ðexpðxÞ þ 1Þ is the Fermi distribution;
EbL;sR ¼ !bL;sR % i#bL;sR are complex poles of the spectral
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are removed via normal ordering [16]. The quantity _$ð!zÞ ¼
d$ð!zÞ=dt is given by
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being a function describing the relative variation of the
Higgs VEVs across the bubble wall. Although analyses
performed in the MSSM [17] indicate )#,Oð10%2Þ, a
systematic analysis is absent in the 2HDM. Here, we will
simply adopt )# ¼ %0:05 (if ybs is complex and !bs is
real, we need )#> 0 to keep the sign of fð!zÞ unchanged).
Note, SCPbL is nonzero only within the moving bubble wall,

where _$ð!zÞ ! 0.
In contrast to EWBG driven by flavor-diagonal sources,
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FIG. 1. Left panel: the three physical parameters |NE

⌧µ|,
ImNE

⌧⌧ and ReNE

⌧⌧ as a function of the phase �E

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

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

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

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

�⌧⌧ =

p
2GFmh

8⇡
|m⌧s��↵ + c��↵N

E

⌧⌧
|2. (10)

Experimentally, ATLAS gives µ
⌧⌧

ATLAS
= 1.43+0.43

�0.37
[30]

while CMS favors a smaller one µ
⌧⌧

CMS
= 0.78± 0.27 [31].

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

2

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

⌧⌧
is shown in Fig. 1. Parametriz-

ing the h⌧̄ ⌧ coupling as [33],

�mf

v
(Rey⌧ ⌧̄ ⌧ + Imy⌧ ⌧̄ i�5⌧)h, (11)

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

mf

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

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

The flavor o↵-diagonal NE

⌧µ
generates h ! ⌧µ with width

�⌧µ =

p
2c2

��↵
GFmh

8⇡
|NE

⌧µ
|2, (13)

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

best fit Br(h ! ⌧µ) = 0.84+0.39

�0.37
% as well as an upper

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

4.4⇥ 10�8 [25] and is given by

Br(⌧ ! µ�) =
⌧⌧↵G

2

F
m

5

⌧

32⇡4
(|C7L|2 + |C2

7R
|), (14)

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

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

Q
L/R

7
=

e

8⇡2
m⌧ µ̄�

µ⌫(1⌥ �
5)⌧Fµ⌫ , (15)

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

7
+

C7RQ
R

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

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

±
W

⌥
� vertex is gen-

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

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

E ⇤
⌧µ

while C7R / N
E

µ⌧
= 0.

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

E

⌧µ
N

E

µ⌧
= 0. The two loop Barr-Zee

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

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

�
(9

�
) at the LHC

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

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

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

250GeV run and 1ab�1 luminosity [34].

Mass basis (T=0)

2

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

L Lepton

Yukawa
= �E

i

L

⇥
(Y E

1
)ij�1 + (Y E

2
)ij�2

⇤
e
j

R
+ h.c.,(2)

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

L
is the left-handed lepton doublet in fam-

ily “i” and e
j

R
is the right-handed lepton singlet in fam-

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

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

JE =
1

v2µ
HB

12

2X

a,b,c=1

vav
⇤
b
µbc

X

ij=⌧,µ

(Y E

c
)ij(Y

E†
a

)ji, (3)

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

and µ
HB

ij
the corresponding coe�cient in the Higgs ba-

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

ij
is an unique real quantity

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

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

M
E = (v1Y

E

1
+ v2Y

E

2
)/
p
2, (4)

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

E

1/2,⌧µ
, Y

E

1/2,⌧⌧
are non-vanishing. In this

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

1,⌧µ
and the resulting

o↵-diagonal mass matrix element can be parametrized as

M
E

⌧µ
=

vs�p
2
Y

E

2,⌧µ
[1 + cot� sgn(Y E

2,⌧µ
)r⌧µe

i�
E
⌧µ ], (5)

with r⌧µ ⌘ |Y E

1,⌧µ
|/|Y E

2,⌧µ
|. We further assume the

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

E

⌧⌧
=

vY
E

2,⌧⌧
(s� + c�)/

p
2. From the diagonalization condi-

tioin |ME

⌧µ
|2 + |ME

⌧⌧
|2 = m

2

⌧
, we can solve Y

E

2,⌧⌧
=q

2(m2
⌧
� |ME

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

requirement |ME

⌧µ
|  m⌧ . Counting degrees of freedom

in weak basis, we have |Y E

2,⌧µ
|, �E

⌧µ
, r⌧µ and �. Our study

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

(�v2Y
E

1
+v1Y

E

2
)/
p
2 generally can not be simultaneously

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

E

⌧µ
, NE

⌧⌧
while N

E

µ⌧
=

N
E

µµ
= 0. Phenomenologically, NE

⌧⌧
controls the Higgs

coupling to ⌧̄ ⌧ ,

�1

v
⌧L⌧R[h(m⌧s��↵ +N

E

⌧⌧
c��↵)

+H(m⌧ c��↵ �N
E

⌧⌧
s��↵) + iA0N

E

⌧⌧
] + h.c., (6)

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

⌧⌧
is

related respectively to that of JE ,

Re(NE

⌧⌧
) =

v
2
µ
HB

12
ReJE � 2µHB

11
m

2

⌧

2µHB

12
m⌧

tan �=1

=
v
2|Y E

2,⌧µ
|2

4m⌧

(1� r
2

⌧µ
),

Im(NE

⌧⌧
) =

v
2ImJE

2m⌧

=
v
2(�Y

E

2,⌧µ
ImY

E

1,⌧µ
)

2m⌧

. (7)

The o↵-diagonal element NE

⌧µ
controls the strength of the

Higgs LFV couplings

�
N

E

⌧µ

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

and its expression in terms of weak basis parameters is

N
E

⌧µ
= e

i�

����N
E

⌧⌧

M
E

⌧⌧

ME
⌧µ

���� , (9)

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

E

⌧µ
N

E

µ⌧
which vanish here.

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

⌫
i

L
N

E

ij
e
j

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

eters ReNE
⌧⌧ , ImN

E
⌧⌧ and N

E

⌧µ
depend on three weak

basis parameters |Y E

2,⌧µ
|, �E

⌧µ
and r⌧µ. For a restricted

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

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

Eq. 7, we solve |Y E

2,⌧µ
| and sin�E

⌧µ
as a function of ReNE

⌧⌧

and ImN
E

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

depend on h ! ⌧⌧ .

Higgs signal strength measurement. The diagonal
N

E

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

Flavor basis (high T)

CPV h ! tt
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m2 ⇡ MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

Lmass = yL̄H̃NR + h.c. + mNN̄RN
C

R
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Lmass =
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c
HH

T
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EM
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= (8.82± 0.23)⇥ 10�11 (46)
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⇠ 160 GeV (47)

⌧ cos �⌧ ⌧ sin �⌧ (48)
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Two Themes

• Progress will come from focusing on well-
posed scientific questions à potential for 
insights and/or discoveries

• It’s important to think beyond boundaries of 
funding agency priorities and conventional 
sub-field categories à rich opportunities 
from inter-frontier connections

Was the matter-antimatter asymmetry generated in 
conjunction with electroweak symmetry-breaking ?

MRM
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

Li
fe

tim
e 

Fr
on

tie
r

HEP : New (heavy) particles 

HEP + Nuc

• Precision tests: 
muon g-2, PV ee…

• Fundamental 
symmetry tests (CP, 
Lepton number…)

• Neutrino properties
• Flavor physics

• Atomic, Molecular, 
Optical

• Condensed Matter

THEORY
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III. Outlook
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Discovery

Dark energy

Higgs boson

Muon g-2

Gravitational 

Waves

Quark Gluon Plasma

n oscillations
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BSM Higgs

0nbb Decay




