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Goals for this Talk

 What |l won’t do: Give a theoretical
summary overview

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



Fundamental Physics: Past & Future

Discovery




Two Themes

* Progress will come from focusing on well-
posed scientific questions = potential for
insights and/or discoveries
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Two Themes

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

It’s important to think beyond boundaries of
funding agency priorities and conventional
sub-field categories = rich opportunities
from inter-frontier connections
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The BSM Dog Race

This talk: I'll focus on a problem I'm particularly
Immersed in to illustrate = other areas of

inquiry equally important & interest -
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Questions & Frontiers

Origin of matter: EW scale

Outlook

Origin of matter & neutrino physics
Electroweak precision tests ‘“

Another day
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I. Questions & Frontiers
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SHOULD answer

Fundamental Questions

MUST answer
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Frontiers

Matter/Anti-matter
Asymmetry

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Mode!

Historical artifact: US HEP
vision -2 still useful mnemonic
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More Matter than Antimatter ?

When & how was the baryon asymmetry generated ?

Paradigmatic inter-frontier challenge
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Ingredients for Baryogenesis

Scenarios: leptogenesis,
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold
baryogenesis, post-
Sphaleron baryogenesis...

Standard Model BSM

* B violation (sphalerons) 0 0

* C & CP violation A Q
» Qut-of-equilibrium or

CPT violation A Q
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Cosmic Baryon Asymmetry
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Fermion Masses & Baryon Asymmetry
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Il. 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 15t Order EW
Phase Transition

Left-handed number
density
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EWBG Ingredients

EW Sphalerons “

Strong 15t Order EW

Phase Transition BSM Higgs

Left-handed number —

density BSM CPV
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EWBG Ingredients

- EW Sphalerons

« Strong 15t Order EW
Phase Transition

~

______________________________________________________________________

 [eft-handed number —

density BSM CPV
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Was There an Electroweak Phase Transition ?

* Interesting in its own right
* Key ingredient for EW baryogenesis

* Source of gravitational radiation

41



Was There an Electroweak Phase Transition ?
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Was There an Electroweak Phase Transition ?
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Was There an Electroweak Phase Transition ?
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Was There an Electroweak Phase Transition ?
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What Was the EWSB Thermal History ?

Vere (H, @)

How did we
end up here ?

Extrema can evolve differently as T evolves 2>
rich possibilities for symmetry breaking 46
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What Was the EWSB Thermal History ?

What is the landscape
of potentials and their
thermal histories? How did we

end up here ?

How can we probe this
T > 0 landscape
experimentally ?

How reliably can we
compute the n evolve differently as T evolves >
thermodynamics ? ilities for symmetry breaking i



Was There an EW Phase Transition?

Bubble Collisions

' <.

Higgs precision tests

Grav Radiation
Direct Production
| Sk &
SM Higgs BSM Higgs
Ll
BSM Higgs

Extrema can evolve differently as T evolves 2>
rich possibilities for symmetry breaking 50



Was There an EW Phase Transition?

Bubble Collisions

Higgs precision tests

Grav Radiation -
X @ :féc’
Direct Production N = N
| oo,
0@ y . SM Higgs BSM Higgs
SO0 > O « How heavy or light can @
NCCRO N
\ Q)% be ?
« How coupledto H ?
BSM Higgs

Extrema can evolv >
rich possibilities fc Can it be discovered with

colliders & GW probes ? =L



MJRM: 1912.07189

Teyw 2 Scale for Colliders & GW probes

High-T SM Effective Potential

V(h,Thsm = D(T? — T2 h?> + \h* + ..

T,~ 140GeV | |= Tey
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MJRM: 1912.07189

First Order EWPT from BSM Physics

Vet T>T.

< : Generate finite-T barrier

tunnel

NOT sug%\:]r&_umﬁs Introduce new scalar ¢ interaction
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with h via the Higgs Portal

* h-¢ mixing: | sin@| > 0.01
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First Order EWPT from BSM Physics

Vet T>T.

< : Generate finite-T barrier
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* h-¢ mixing: | sin@| > 0.01
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BSM EWPT: Inter-frontier Connections

Indirect

Theory Collider

Signatures

Mapping
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Phase

Combined
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Direct

Diagram
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Characteristic Strain
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Gravitational Waves
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Particle physics (phase transitions, domain walls...)

- possible GW sources at range of frequencies
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Gravitational Waves
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EWPT laboratory for GW micro-physics: colliders can probe
particle physics responsible for non-astro GW sources >
test our framework for GW microphysics at other scales




EWPT: Theory-Pheno Interface

Theoretical developments >
phenomenological implications
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Models & Phenomenology

What BSM Scenarios?

SM + Scalar Sinﬁ|c+

SM + Scalar Doublet
(2HDM)

SM + Scalar Tr‘iplc+

MSSM

NMSSM..
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Models & Phenomenology

What BSM Scenarios?
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Theory-Pheno Interface

Simple Higgs portal models:

 Real EW ftriplet (SM + 3)

 Real gauge singlet (SM + 1)

V € a,H?¢p +a, H*¢

¢ ¢ ¢
L_) h ﬁ_) h L} h
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Theory-Pheno Interface

NOT SURE IF HIGGS

J

Simple Higgs portal models:

—————————————————————————————————

Real EW triplet (SM + 3)

Phenomenology

V € a,H?¢p +a, H*¢

hi1 =sinf s+ cosf h

ho = cosf s —sinf h

¢ ¢ ¢
L_) ﬁ_) Id 3 m1,2 y H; hi hj hk Couplings
h h h
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Collider Probes

 Resonant di-Higgs (h, h, ) production *
 Heavy h, production *

* Associated production (Z h, ) and non-
resonant di-Higgs production *

 Exotic Higgs decays **

*Heavy h,

** | ight h,
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Collider Probes

 Resonant di-Higgs (h, h, ) production * |

————————————————————————————————————————————————————————

* Associated production (Z h, ) and non-
resonant di-Higgs production *

-------------------------------------------------------

 Exotic Higgs decays **

*Heavy h,

** | ight h,
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Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies

& p Resonant di-Higgs
Pad */\ "ﬁ\ .o":
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Q 600f \*‘—”\
£ 500} EWPO 1
400} ’—%’\A
300} | 0.1y [ LHC N\
094 095 096 0 400 500 600 700 800
h-S Mixing —> cos#@ m, (GeV)
bbyy & 4t

Kotwal, No, R-M, Winslow 1605.06123

See also: Huang et al, 1701.04442;
Li et al, 1906.05289 66
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SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies
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Singlets: Precision & Res Di-Higgs Prod

SFOEWRPT Benchmarks: Resonant di-Higgs & precision Higgs studies

& Resonant di-Higgs
NV
& | Nextgenpp | i s
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094 095 096 0 400 500 600 700 800
h-S Mixing —> cos@
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Kotwal, No, R-M, Winslow 1605.06123
See also: Huang et al, 1701.04442; -

Li et al, 1906.05289



Lauri Niemi, MJURM, Gutao Xia, 2405.01191

Singlets: Lattice vs. Pert Theory

My = 350 GeV, ag = 2.5,by = 40 GeV, by = 0.3, 5 = 40, N, = 80
Q
B o
N Lattice:
S
s / FOEWPT
[
Q
<
1.0
0.5
0.0 1 / o < <
0.2 _0.1 0.0 0.1 0.2 03
sin #
Lattice:

Crossover



Lauri Niemi, MJURM, Gutao Xia, 2405.01191

Singlets: Lattice vs. Pert Theory

Mj =350 GeV, ag = 2.5,bg = 40 GeV, by = 0.3,5 = 40, N; = 80

Q === 1-loop
i m—— 2-loop L tt. )
< w—— 2loop PT &t attice. Future e*e
= / FOEWPT
I
5 154 Ms =350 GeV, as = 2.5,%: 40 GeV\s = 0.3,3 = 40, N, = 80 .
- / \ === 1-loop
) 3.0 = 2-loop
1.0 @ Lattice
2.5
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\
2.0 \
< o ) t—‘\\ .
T T T T HL z o
0.0 0.1 0.2 0.3 ~ 1.5 ? 2‘-
sin ¢ - E S
> =
1.0 1
Lattice: 0.5 ]
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Lauri Niemi, MJURM, Gutao Xia, 2405.01191

Singlets: Lattice vs. Pert Theory

L attice:

/ FOEWPT

Future e*e-

My — 350 GeV, ag — 2.5,by — 40 GeV, by — 0.3, 8 — 40, N, — 80
) === 1-loop
i — 2-loop
= @ Lattice
= —— Z2loop PT
[l
=
=15
1.0
0.5
0.0
0.2 —0.1 0.0 0.1 0.2 0.3
sin @
Lattice:
Crossover

» Lattice: crossover-FOEWRPT boundary
« FOEWRPT region: PT-lattice agreement

My = 350 GeV, as = 2.5,% =40 GeV§4 = 0.3, =40,N, = 80

* Pheno: precision Higgs studies may be sensitive to a greater
portion of FOEWPT-viable param space than earlier realized
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Collider Probes

 Resonant di-Higgs (h, h, ) production *
 Heavy h, production *

* Associated production (Z h, ) and non-
resonant di-Higgs production *

( .
- | Exotic Higgs decays ** 5
\
=/''''""""""""'""""b' """
*Heavy h, i h, 8122 _ hy < b
. m: 2
** | ight h, | ~ b <
i 5

-----------------------------------
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Light Singlets: Exotic Higgs Decays

One loop perturbation theory

EWRPT viable:

numerical ~—_

|sin 6] = 0.01

2
f----! ------ 3
i hy 2 hyh, |

m», [GeV]

-

— EWRPT viable:
Semi analytic
- nucleation
decisive

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

2203.08206, Wang et al 2203.10184



Light Singlets: Exotic Higgs Decays

One loop perturbation theory

EWRPT viable:

numerical ~—_

1
G122 = jvas + O(6?)
. A -~
( £==1
: h1 9 h2|h2 : :
| Ve

|sin 6] = 0.01

m, [GeV]

['(hg, mg) = sin? T (hgy, mo)

— EWRPT viable:
Semi analytic
- nucleation
decisive

J. Kozaczuk, MR-M, J. Shelton 1911.10210
See also: Carena et al 1911.10206, Carena et al 74
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Light Singlets: Exotic Higgs Decays

One loop perturbation theory

EWRPT viable:

numerical ~—_

|sin 0] = 0.01

h, = h, h, = 4b (prompt)
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Theory-Pheno Interface

NOT SURE IF HIGGS

Simple Higgs portal models:

 Real gauge singlet (SM + 1)

---------------------------------

V € a,H?¢p +a, H*¢

L. A L
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Theory-Pheno Interface

NOT SURE IF HIGGS

sl

Simple Higgs portal models:

 Real gauge singlet (SM + 1)

---------------------------------

V c a,Hp +a, H*#

————————————————————————

~

————————————————————————
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Theory-Pheno Interface

NOT SURE IF HIGGS

sl

Simple Higgs portal models:

 Real gauge singlet (SM + 1)

Phenomenology

V < a,H$ +a, 2§

Gravitational waves

————————————————————————

————————————————————————

L g

Collider: h=> yy, dis
charged track, NLO e*e"
¢ > Zh...

78



Real Triplet & EWPT: Novel EWSB

7'\
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Real Triplet & EWPT: Novel EWSB

- 3.0
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Real Triplet & EWPT: Novel EWSB

- 3.0
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BSM EWPT: Inter-frontier Connections

Robust theory:

EFT + lattice Observables:

Collider model specific

Signatures
Combined
reach

Hydro:
a, f/H-

-

Mapping

™~

Phase

Diagram
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BSM EWPT: Inter-frontier Connections

BB R AN AN

Robust theory:

EFT + |atfice Observables:

Collider model specific

Signatures
Combined
reach

Hydro:
a, [/ H-

-

Mapping

™~

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

Phase

Diagram
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GW & EWPT Phase Diagram

LISA

(a)

2.5
Bmm metastable

I two-step

104 E

Il one-step
2.0 crossover T
1035 . ”}‘:.‘._i &3
~ 1.5 i F ’ #
«Q
1.0 :\ 10° 3
= [ — =150 GeV \e o
05 Crossover g :z=2oo Gev el L%
. | | | \ | 3 Q 1| *» twostep |
100 125 150 175 200 225 250 ~10 E gl f '4""’_1‘ S
GeV 10 10 10 10 10
m; [GeV] a Latent heat

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

Friedrich, MJRM, Tenkanen, Tran 2203.05889 84



GW & EWPT Phase Diagram

25 (c)
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EWBG Ingredients

« EW Sphalerons “

« Strong 15t Order EW

Phase Transition BSM Higgs

_____________________________________________________________________

Left-l?anded number —
. density

_____________________________________________________________________
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BSM CPV: Inter-frontier Connections

Robust theory:
Quantum transport, Models, other
bubble dynamicis BSM pheno...

Scenarios

-

Mapping

I Consistency

EDM, heavy
flavor...
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CPV for EWBG

1st order EWPT
>00Q
Y; : CPV & EWSB
EW sphalerons

d

S, !
b &
‘ X ¥
C
A e
1, > < b,
v *
2
A4 »
A
1 Vi

1t order EWPT >
“strong” to preserve Yg

/@Q

 diffuses EWSB
/nto interiors
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CPV for EWBG

1t order EWPT 1t order EWPT >
“strong” to preserve Yg

/@Q

: diffuses EWSB
/nto interiors

I N y 5 N
o " | I~ Electric dipole \ P2
o ) ! moments E =
d 5 % % I
LA | «  Heavy flavor CPV i
= |
\* Higgs CPV ,:



EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-35 10-30
HfF* 4.1 x 10-30** 10-38 10-30
n 1.8 x 10-26 10-31 10-26

*95% CL  ** e-equivalent

o B, *  neutron
,@’%7_ C e
S — s P
;F akad proton
(5 g : & nuclei
Y W afien® atoms
t"«;
”—3 ~ 100 x better
Not shown: sensitivity
muon -
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System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-35 10-30
HfF* 4.1 x 10-30** 10-38 10-30
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-35 10-30
HfF* 4.1 x 10-30** 10-38 10-30
n 1.8 x 10-26 10-31 10-26

*95% CL  ** e-equivalent

Nucleus

Einterna/

.
— @

Polar molecules: PESSSURg
paramagnetic

() e nuc

Diamagnetic atom

Nucleon
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EDMs:

New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 1030 10-35 10-30
HfF* 4.1 x 10-30** 10-38 10-30
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent
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Einternal “Schiff moment” | N

— @

Polar molecules:
paramagnetic

d. + CPV eq

+ CPV eq” H
I
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e nuc

AVAVAVA

(c) e nuc

Diamagnetic atom

Gacp, dg * CPV  Nucleon
99, 999, qq...
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EDMs:

New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
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EDMs: New CPV?
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EDMs: New CPV?

Diamagnetic atom

System Limit (e cm)’ SM CKM CPV BSM CPV
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EDMs:

New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-33 10-30
HfF* 4.1 x 10-30** 10-38 10-30
n 1.8 x 10-26 10-31 10-26
*95% CL  ** eequivalent e for EU :
o BT, T *  neutron
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(7 g 4 : & nuclei
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QS
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Not shown: sensitivity
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-33 10-30
HfF* 4.1 x 1030 ** 10-38 10-30
n 1.8 x 10-26 10-31 10-26
*95% CL  ** eequivalent e for Eu !
challen?

Mass Scale Sensitivity

(P
Y
@

e

singcp~1 — M > 5000 GeV

)\N‘\MY

M < 500 GeV — sindcp < 10-2
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CPV for EWBG

>Q

. CPV, diffusion & EW sphalerons

Can the CPYV interactions
be sufficiently “large” ?

Reliable quantum transport
computations ?
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CPV for EWBG

Y5 : CPV, diffusion & EW sphalerons

e Can the CPV interactions
be sufficiently “large” ?

* Reliable quantum transport
computations ?
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lllustrations
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2HDM CPV : EDMs 2014

CPV & 2HDM: Type Il illustration Ae7 = 0 for simplicity
All Constraints All Constraints All Constraints
1 1
! Theoretically inaccessible Theoretically inaccessible
Hg VW
14 0.1+ 0.1
E § 001/ g 001
0.001 e’ 0.001 ’/
10~ 1074
2014 y Present & Future: Future:
Sy HﬁQ
g d, x0.1 d. x 0.01
da(Hg) x 0.1 da(Hg) x 0.1
. drmo X 0.1 dro x 0.1
sin oy, : CPV o o
scalar mixing da(Ra) [107 e cm] da(Ra)
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2HDM CPV : EDMs & LHC 2024

CPV & 2HDM: Type Il illustration Ae7 = 0 for simplicity

All Constraints All Constraints All Constraints

Theoretically inaccessible Theoretically inaccessible

0.1+

Hg _ W

0011/

|sin ap|
|sin ap |

/
0.001F

1074

Present A/@M/,%Q Present & Future: Future:
! d,x0.1 d, x 0.01
da(Hg) x 0.1 da(Hg) x 0.1
sin as - CPV d1po X 0.1 d7po X 0.1
scalar mixing da(Ra) [10?7 e cm] d,(Ra)
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2HDM CPV : EDMs & LHC 2024

CPV & 2HDM: Type Il illustration Ae7 = 0 for simplicity
All Constrai All Constrai : R
onstraints ) onstraints OS b LHC 300 fb'1 ]
! Theoretically inaccessible
Hg ¥
! ol _ ol LHC 3 ab -
S 0058 :
< s g NG H > Zh
= S 001y =
8 8 001F
0.005F
0.001 4
0.001% W - : e
104 05 1 2 5 10 20 50
Alignment limit  , g
Chen, Li, R-M: 1708.00435
Present Weh, Present & Future: Future:
& d, x 0.1 d, x 0.01
da(Hg) x 0.1 ds(Hg) x 0.1
. d7r0 X 0.1 A0 X 0.1
sin a,, : CPV e e
Scalar mIXIng dA(Ra) [10’27 e Cm] dA(Ra)
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2HDM CPV : Had & Nuc Structure

CPV & 2HDM: Type Il illustration

Neutron EDM exclusion/uncertainties

Theoretically inaccessible

0.1}

Ae7 = 0 for simplicity

Hg EDM exclusion/uncertainties

Theoretically inaccessible

0.1~ _

001}

g 0.01;» g
0_001; 0,001:~ Nuclear structure
 Nucleon structure ' uncertainty S\ ]
uncertainty ﬁ \
O 55 10 20 % 0 5 10 2 0
tanf tanf
2014 A/GM, Present & Future: Future:
& d, x 0.1 d, x 0.01
das(Hg) x 0.1 ds(Hg) x 0.1
s/n o - CPV dThO x 0.1 dThO x 0.1
b .
Scalar mixing dA(Ra) [10’27 e Cm] dA(Ra)
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2HDM CPV & EWBG

2HDM CPV: Source for EWBG?

Dorsch et al, 1611.05874

/2

e EWBG viable

U e CMS search
o2- — ¢EDM
b — nEDM

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
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2HDM CPV & EWBG

2HDM CPV: Source for EWBG?

Dorsch et al, 1611.05874

/2
bé\]
| ER
-1 I
< 07 et
B;— By
CMS search
— eEDM
— nEDM
10—2 |_ 1 1 1 1 |_
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
tan 3

5.0

EWBG viable (\
3“990“336
W \\ 0@ .\

s EDM

ap, X 5]—52



CPV for EWBG: Transport Theory & EDMs

— < ¢0 >
(1—1 °/
Quench 377?// entropy
sphalerons fiution
\ Z.(O..ro) ,/T
() 9
g &,
7] "/)\_,
& / & .i> h
/ 0 (v.0)
Baryogenesis \
[ ] [ ]
i 2 dark
matter

Inoue, Ovanesyan, R-M: 1508.05404
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CPV for EWBG: Transport Theory & EDMs

Quench
sphalerons

\, N

tep 1

Small entropy
dilution

- /m L J
/

®o— h
0 (v.0)
Baryogenesis \
| ]
1 2 dark
matter

Inoue, Ovanesyan, R-M: 1508.05404

: ) *
\gj"/\/ az H1 H2 22+C.C.
/‘j \h
f .
EDM exclusion —
—_— VIA
A
10-1 |de|?®® = 1.1 x 10-®ecm /é‘>
|d.| = 4.1 x 10~*ecm
107300 250 300 0 00 0 500
mp, (GeV)
Yuan-Zhen Li, MJRM, Jiang-Hao Yu 2404.19197
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Flavored EW Baryogenesis

L = MO (Hly — MO Hod) — 35 0/ H it
B + y4,0i(eH)d} + H.c.
i ‘!-I“ 0_ T T T T-T T 71T
2 B & H
§ o0 LHCD 5 P
" 4 05 S k
|
= H -1~ D
_0'31.05 A T
T z,
0\ oy £ sk =
—1.0} 034 NP || <t =
~0.05 0.00 0.05 -2f
CPV b — s sizbuwis
_2.6_
Liu, RM, Shu “12 o
10:‘ — 107 — 1

CPVt—sc M

Fuyuto, Hou, Senaha ‘17 111



Flavored EW Baryogenesis

ool LHCb
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5
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CPV b — s sisowés
Liu, RM, Shu ‘12
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Flavored EW Baryogenesis

Flavor basis (high T)

gLepton — _E_E;_J [(YlE)z'j(I)l + (YQE)U(I)Q] 6% + h.c.

Yukawa

Mass basis (T=0)
CPVh — rr

wm(cos G- TT +H|sin ¢, Tiys7T)h

; (V)
— \ Guo, Li, Liu, R-M, Shu 1609.09849

N\
Ge, Li, Pasquini, R-M, Shu 2021.13922
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Two Themes

el oo BB o
* Progress will come from focusing on well-
posed scientific questions = potential for
insights and/or discoveries

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

» It’'s important to think beyond boundaries of
funding agency priorities and conventional
sub-field categories = rich opportunities

from inter-frontier connections
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Frontiers

HEP : New (heavy) pai‘tic/es
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A Fundamental
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» Neutrino properties

* Flavor physics Historical artifact: US HEP
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Fundamental Physics: Past & Future
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