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Goals for this Talk: What | Won’t Do

Reiterate the “familiar story”
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Goals for this Talk: What | Won’t Do

* Reiterate the “familiar”

 Report on incremental physics updates
since the last CEPC meeting &
Snowmass white paper

 Provide a menu of new processes and
observables to put on the CEPC
“bucket list”



Goals for this Talk: What I’ll Try to Do

Challenge us to think more deeply and
broadly about implications of e+e- physics
for other fundamental physics frontiers

lllustrate a subset of these connections
drawn from my own scientific experience

Highlight developments in other sub-fields
of fundamental physics that may bear on
CEPC inter-frontier connections

Invite discussion, other ideas, and future
explorations



Key Ideas for this Talk

Scalar fields play a significant theoretical role in the
physics of other frontiers - an et+e- Higgs factory
provides a unique inter-frontier laboratory

The next generation e+e- colliders live at the
interface of the high energy and “intensity” frontiers
- the large number of H and Z bosons make the
CEPC/FCC-ee/ILC precision tools at this interface

The theoretical interpretation of these precision
e+e- measurements can connect early universe
cosmology, astrophysics, underground science,
and “table top” condensed matter and AMO physics



Disclaimer

 Apologies for omissions of references to
other important work

 Focus will be CEPC-centric but much of

the discussion pertains to FCC-ee and
ILC



Il.
Ill.

V.

Outline

Questions & Frontiers
Was there an electroweak phase transition ?

What is the scale of lepton number violation ?
Outlook

Where is the CP-violation needed to explain
the matter-antimatter asymmetry ? \

Time permitting



I. Questions & Frontiers
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Frontiers

Historical artifact: US HEP
vision =2 still useful mnemonic
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Frontiers
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Precision tests:
muon g-2, PV ee...
Fundamental
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Lepton number...)
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Flavor physics
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Frontiers
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Frontiers
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Intensity Frontier: BSM Footprints

New Symmetries

1. Origin of Matter Je o
2. Unification & gravity 7l >

3. Weak scale stability
4. Neutrinos



Intensity Frontier: BSM Footprints

New Symmetries

1. Origin of Matter F Je o
2. Unification & gravity 7l >

3. Weak scale stability
4. Neutrinos

Fundamental symmetry & precision
tests: draw inferences about BSM
scenarios from a variety of
measurements



Intensity Frontier: BSM Footprints

New Symmetries
1. Origin of Matter
2. Unification & gravity

3. Weak scale stability
4. Neutrinos

New particle searches:
does the observed BSM
‘species” fit the footprints ?

Fundamental symmetry & precision
tests: draw inferences about BSM
scenarios from a variety of
measurements



Intensity Frontier: BSM Footprints

New Symmetries

1. Origin of Matter
2. Unification & gravity

3. Weak scale stability
very 4. Neutrinos

Disc?

New particle searches:
does the observed BSM
‘species” fit the footprints ?

Fundamental symmetry & precsion
tests: draw inferences about BSM
scenarios from a variety of
measurements



Nuclear Physics Connections

Lepton
number

CP&T

V=1

Sm'T ' Iwm; ¢
é é @ &W Precision
@ ' b e — tests

neutrinoleas Bp

Fundamental symmetries & Muon g-2, PV
neutrinos: “Intensity Frontier” ee, ,Bdec;y...
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More Matter than Antimatter ?

Paradigmatic inter-frontier challenge

20



Ingredients for Baryogenesis

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

Standard Model BSM

* B violation (sphalerons) 0 Q

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

CPT violation A Q

21



Fermion Masses & Baryon Asymmetry
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Fermion Masses & Baryon Asymmetry
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Cosmic History
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Frontiers
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Il. Was There an Electroweak Phase Transition ?
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Was There an Electroweak Phase Transition ?

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

 Source of gravitational radiation

27



Thermal History of Symmetry Breaking

| Future LHC Experiments

lEarIy Universe The Phases of QCD

1 Current RHIC Experiments

o
=
®
2
=
@

Critical Point

/

Hadron Gas Superconductor

Nuclear
Matter <N—>

Baryon Chemical Potential

QCD Phase Diagram - EW Theory Analog?
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Was There an EW Phase Transition?

FOEWPT

/

' 1storder \ ' 2nd order
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125 GeV

Increasing my, > Higgs Mass
. C .
Lattice Authors M (GeV) \ EW Phase Dia gram
4D Isotropic [76] 80+7
4D Anisotropic [74] 72.4+1.7 . .
3D Isotropic (721  723+07 How does this picture change
3D Isotropic [70] 72.4+0.9 in presence of new TeV scale

physics ? What is the phase
diagram ? SFOEWPT ?

SM EW: Cross over transition ”



Patterns of Symmetry Breaking
Verr (H, @)

How did we
end up here ?

Extrema can evolve differently as T evolves >
rich possibilities for symmetry breaking 30



Patterns of Symmetry Breaking
Verr (H, @)

How did we
end up here ?

Extrema can evolve differently as T evolves >
rich possibilities for symmetry breaking 31



Was There an EW Phase Transition?

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 2>
thermodynamics ? ilities for symmetry breaking 32



Was There an EW Phase Transition?

Bubble Collisions

Higgs precision tests

¥ &

Grav Radiation i A7
X @ j_féi
Direct Production B e %
/S'/gg

£ S J& &

0@ J _ SM Higgs BSM Higgs
Vo5 . @Co * How heavy or light can @
S5 Hiaoe * How coupled to H ?
Extrema can evolv >

rich possibilities fc’ Can it be discovered at
the LHC or beyond ? 2



MJRM: 1912.07189

Ty Sets a Scale for Colliders

High-T SM Effective Potential

V(h,T)sm = D(T? = TZ)h? + Ah* +

Ty~ 140GeV | | = Tey
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MJRM: 1912.07189

First Order EWPT from BSM Physics

Veir T>T.

< : Generate finite-T barrier

tunnel

Introduce new scalar ¢ interaction
with h via the Higgs Portal

* M, <700 GeV
 h-¢ mixing: | sin@| > 0.01
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MJRM: 1912.07189

First Order EWPT from BSM Physics

Veir T>T.

< : Generate finite-T barrier

tunnel

Introduce new scalar ¢ interaction
with h via the Higgs Portal (C
/) i

14
. M, <700 GeV Y 9es
 h-¢ mixing: | sin@| > 0.01
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BSM EWPT: Inter-frontier Connections

Robust theory:

EFT + lattice Observables:

Collider model specific

Signatures
Combined
reach

Hydro:
a, B/ H-

-

Mapping

™~

Phase

Diagram
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Characteristic Strain
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Gravitational Waves

stochasic iy A. Addazi, SPCS 2023
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Massive binaries

Resolvable galactic
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Taiji, Tianqgin
similar Extreme mas
ratio inspirals

Type IA
supernovae
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Core collapse

T around EW supernovae
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Frequency / Hz

38



Gravitational Waves

10 12

Stochastic
background

IPTA A. Addazi, SPCS 2023

10 4

10 -16
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Resolvable galactic

-18
10 LISA binaries
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Taiji, Tianqgin
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[
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| 1
| 1
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|
1
: K -10000 EW
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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




BSM Scalar: EWPT & GW

LISA SNR

Collider probes of Non-dynamical heavy BSM scalars
BSM parameters
in £ g \

L 10° -
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€

3 i .

i, A/
¢ 10° -

TEW h 10!
a Latent heat
* One-step

Gould, Kozaczuk, Niemi, R-M, Tenkanen, Weir 1903.11604

Non-perturbative
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BSM Scalar: EWPT & GW

LISA SNR

Collider probes of
BSM parameters
in L gy \ he?d
‘_T(_:\m'-\ . ‘s‘S.eea
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Gould, Kozaczuk, Niemi, R-M, Tenkanen, Weir 1903.11604

* Non-perturbative
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Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:

—————————————————————————————————

 Real EW ftriplet (SM + 3)

42



Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks: Precision Higgs studies & resonant di-Higgs

Q¥
/\)
Q& e Next gen pp 100 TeV, 30/ab =
1000 : el 100 TeV, 3/ab =
900f | SFOEWPT ® . 14TeV.,3/ab =
800f | MaxoxBR
g 700;— MinoxBR * | [foqadqy o W= =~ -5 '—‘“}\;}‘_
@ 600F \
S 500! EWPO S
400} :, A
300 | LR N
094 095 096 097 098 099 1.00 400 500 600 700 800
h-S Mixing ——> cosf@ m, (GeV)
bbyy & 4t

Kotwal, No, R-M, Winslow 1605.06123

See also: Huang et al, 1701.04442; =
Li et al, 1906.05289



Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks: Precision Higgs studies & resonant di-Higgs

\)/ = u Next en -----------
RS _ gen pp 100 TeV, 30/ab =
1000E T 100 TeV, 3/ab =
900¢ SFOEWPT ® \ 14 TeV, 3/ab =—
800f | MaxoxBR ~_
e S AR 3 IR —
S 600¢ R
g 500_ EWPO
400¢ A
300f | ~
094 095 096 0 400 500 600 700 800
h-S Mixing —> cosf
bbyy & 4t

See also: Huang et al, 1701.04442; ”
Li et al, 1906.05289




Lattice Benchmarking

L. Niemi, MRM, G. Xia in 2311.NNNN M,, = 350 GeV

2-loop / 4=
@ lattice B =40 /

2.0 | — 1-loop | 2 Ioop PT

ClUZIes it _— 1 loop PT
condensate
at T
\ - L attice:
FOEWPT
| Lattice:
Crossover
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Lattice Benchmarking

L. Niemi, MRM, G. Xia in 2311.NNNN M,, = 350 GeV
2.0 S T L — 2100pPT
. " @ lattice =40 "
Change in : :
1 loop PT
condensate To1.5 r S
at T. —~
\* < 1.0- Lattice:
= FOEWPT
g 0.5
: | Lattice:
: Crossover
0.01 | : oo . - :
—0.2 —0.1: 0.0 = 0.1 0.2
Future e*e- <—§ Sin 9 i >

« When a FOEWRPT occurs, 2 loop PT gives a good description

» Lattice needed to determine when onset of FOEWPT occurs

« Future precision Higgs studies may be sensitive to a greater
portion of FOEWPT-viable param space than earlier realized 46



EW Phase Transition: Singlet Scalars

| F

1st order

W F

2nd order

Modified Higgs Self-Coupling

Real Scalar Singlet Model
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K. Hasino et al, PRD 99

(2019) 075011
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Light Singlets: Exotic Higgs Decays

h, >h, h, >4b

EWPT viable:

. 10°
numerical  ~

7

=
//

cosf = 0.01

(S 107 B 5 E
5 E /- .
7 /N 5 :
< é% 107 I : E
> 5 ‘ ]
< 10l . .12 1
b : St
/s T 4b(FCCee) ===~
10—4 | [ T T T T N N N N
10 20 30 40
m; [GeV]

EWPT viable:
Semi analytic

Future e*e-

Global LHC update: Snowmass
white paper 2206.08326

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

h, >h, h, >4b
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EWPT viable:
Semi analytic

Future e*e-

Global LHC update: Snowmass
white paper 2206.08326

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

Spontaneous Z2 breaking SM1S SFOEWPT

e T

LHC
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- [ )¢ Future Lepton Collider
o |
o -4}
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i i ® W Cc0s6>0.95
. oo
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Carena, Liu, Wang 1911.10206



Spontaneous Z, Breaking

10-12

GW energ: Qgyh’

10—16

frequency: f [HZz]

Carena, Liu, Wang 1911.10206 >



Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:

 Real gauge singlet (SM + 1)

—————————————————————————————————
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Non-Dynamical Real Triplet: One-Step EWPT

FOEWPT
4.0
0 20 reqio
~€ gies 10 date -3.5
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* One-step

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 * Non-perturbative 53




Non-Dynamical Real Triplet: One-Step EWPT

FOEWPT
” ’Z: ’IMW y 4.0
— i - I
\\‘!N\.N\_. y -3.5
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< B First order PT (0 <z < 0.11) |
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. . . : : 0.0

100 200 300 400 500
A’.'[B
* One-step

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 «  Non-perturbative 2




Non-Dynamical Real Triplet: One-Step EWPT

FOEWPT
h; /Z: 7 y ‘ 4.0
ATl . —_ -3.5
w7 : !
-3.0
\ -2.5
< (oL ELLL 2.0
g -1.5
S :
3
aspers | E Crossover (z > 0.11) -1.0
N I - WM First order PT (0 <z <0.11) |
-:,S Bl DR breaks down (r < 0) '
' - ' . 0.0
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* One-step

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 * Non-perturbative 99




Real Triplet & EWPT: Novel EWSB

-3.0
/ One Step
D
/
-2.0
) - 1.5
é’ B . EW minimum metastable
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y GW & EWPT Phase Diagram

(a)

- metastable

1.0 % [T two-step
B one-step
0.5 crossover
100 150 200 250
my, (GeV)

« Single step transition: GW
well outside LISA sensitivity

 Second step of 2-step
transition can be observable

Friedrich, MJRM, Tenkanen, Tran 2203.05889

Not LISA, Taiji,

(Duration) -

B Tianqin accessible
h
(b)
~~ig~
e LISA
10% ¢y = 1.54 \
1000; ]
02=1.65|. X ;',
100+ two — step v
— my = 150 GeV
—_ My = 200 GeV
10k s : : 3
0.001 0.010 0.100 1
o Latent heat
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GW & EWPT Phase Diagram

2.0

B BMA (20)
[] BMA’ (20)

Bl LISA sensitivity

Crossover

BMA: my + h=2 yy

BMA’: BMA + V> 77

Friedrich, MJRM, Tenkanen, Tran 2203.05889

BMA’
0.001  0.010  0.100
(0
» Two-step

EFT+ Non-perturbative
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Gravitational Waves

10 12

Stochastic
background

10 4
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Massive binaries
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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
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Characteristic Strain

10
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-24

-26

Gravitational Waves

Stochastic
background

assive binaries

Example: Majoron models 2>
spontaneous LN violation & m,,
L:,TIS = y,’;jfifIVRj + yzjﬁﬁiuRja +h.c.,

LS = y,ﬂjfiﬁuRj + ny‘fuRja + Aijngj +h.c.,

LS =y Liflvr; + y ¢80 + yy vivrjo™ + A7, S + hc.

A. Marciano: SPCS 2023 + refs
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Gravitational Waves

¢ Sﬁe

Example: Majoron models 2>

e

Stochastic
background

spontaneous LN violation & m,,

L:,TIS = y‘i,jziHVRj + y;jﬁﬁiVRjol +h.c. ’
L} =y LiHv; + 7 Sfvrjo + A7S(S;j +hee.,
LES =y LiHvg; + y2 5¢Sj0 + Yy vvrjo* + A958,S; + hec.

A. Marciano: SPCS 2023 + refs

assive binaries

Resolvable
binaries

flalactic

LIGO

aLIGO

Core collapse

:
T arqlund EW i supernovae
I | Ta DO0-10000 EW
| |
I }
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/ Frequency / Hz

EWPT laboratory for GW micro-physics: colliders can probe

particle physics responsible for non-astro GW sources > test
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BSM EWPT: Inter-frontier Connections

Robust theory:

EFT + lattice Observables:

Collider model specific

Signatures
“Table top”
tests ?

Supercond,
superfluids

-

Mapping

™~

Phase

Diagram
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First Order Phase Transitions

VoLUME 32, NUMBER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 1974

First-Order Phase Transitions in Superconductors and Smectic-4 Liquid Crystals
B. 1. Halperin
Bell Laboratovies, Murvay Hill, New Jersey 07974
and

T. C. Lubensky*
Department of Physics and Laboratory for Reseavch in the Structure of Mattey, Univevsity of Pennsvlvania,
Philadelphia, Pennsylvania 19174

and
Shang-keng Maf

Universily of Califoynia at San Diego, La Jolla, California 92037
(Received 30 November 1973)

Abelian Higgs model (non-rel)

F{d'yx}:fdsr[al‘iI2+%b‘¢‘|;‘+)'[(v_qux)‘}'|2+(8ﬂun)'12 (v)‘Ai—vi‘”‘;)

i>)

2]_

(1)

1 dr . . 2 ;A 20
2 dlel @ [W1+b 19 P +q4™y 14 KA%)y,

(A, =4u T A7 = (321yq,2 1) 21T Y .
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First Order Phase Transitions

VoLUME 32, NUMBER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 1974

First-Order Phase Transitions in Superconductors and Smectic-4 Liquid Crystals
B. 1. Halperin
Bell Laboratovies, Murvay Hill, New Jersey 07974
and

T. C. Lubensky*
Department of Physics and Labovatory for Research in the Structuve of Mattey, University of Pennsvlvania,
Philadelphia, Pennsylvania 19174

and
Shang-keng Mat

Universily of Califoynia at San Diego, La Jolla, California 92037
(Received 30 November 1973)

Abelian Higgs model (non-rel)

Fly, A= arlalgP+3b1 01" +3 (V= igoA) [P + (87 pe) ' 30 (V, A= ¥, A )2, (1)
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First Order Phase Transitions

VoLUME 32, NUMBER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 1974

First-Order Phase Transitions in Superconductors and Smectic-4 Liquid Crystals

B. 1. Halperin
Bell Laboratovies, Murvay Hill, New Jersey 07974

and

T. C. Lubensky*
Depavtment of Physics and Laboratory for Research in the Structuve of Matter, University of Pennsylvania,
Philadelphia, Pennsylvania 19174

chH o

Shang-keng Maf f
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(Received 30 November 1973)

Abelian Higgs model (non-rel)

Fly, A= arlalgP+3b1 01" +3 (V= igoA) [P + (87 pe) ' 30 (V, A= ¥, A )2, (1)
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Ill. What is the LN Violation Mass Scale ?
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SM: B+L Not Conserved

2Np

B+L Anomal pyB+lL — ZF
omaly Oy 3272
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SM B+L Violation & Sphalerons

2N N / _
B+L Anomaly 8MJ/?+L - 327:; x {gzwﬁuwwja -9 2BMVBM }
B+L |
E | m E Jy " .
SR /®\fL o A
.| II 'I IIY : g § | > < I
*[— ?* W W i § 4 'g ke V.
A N\
A A Wi
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Configuration Anomaly 21 A (B+L) oc NE
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SM B+L Violation & Sphalerons

2N 117 / DUy
B+L Anomaly o IEHE = L {Pwawree - g2B,, B
J B+L ‘
E T-E y7i "
r'“"“““.-f /\ ! "
Ii, 'Il Ill I x1
) | Vo g § 1 > < [
| *I_ 0L \ / W W 1 ¥ § = ;
y N
A A U Vu
Sphaleron
Configuration | | Anomaly  [——2| A(B+L) oc Ng
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Additional LN Violation: Questions

. Are there additional sources of LN violation at the
classical (Lagrangian) level?

« [fso, what is the associated LNV mass scale ?

What is the sensitivity of ton-scale Ovfpp-decay
searches under various LNV scenarios ?

. What are the inter-frontier implications?

P RN

Origin of m,,  Cosmology: v Pheno Colliders

- BAU * OvBf decay
* 2m, * My

70



LNV Physics: Where Does it Live ?

SUSY, see-saw, BSM

Higgs sector...

Mass Scale

Sterile v's, axions,

BSM ? dark U(1)...

Coupling

Is the BSM LNV scale (associated with m,) far
above Eys ? Near Ey s ? Well below Es ?

71



Lepton Number: v Mass Term?

Lo = yLHvE + hec. o %ECHHTL + he.

Dirac Majorana

72



ovpp-Decay: LNV? Mass Term?

Lo = yLHvE + hec. o %ECHHTL + he.
Dirac Majorana
e e

A(Z, N) A(Z+2, N-2)

18



ovpp-Decay: LNV? Mass Term?

Loass = yl_LFIVR + h.c.

Dirac

Impact of observation

Total lepton number not
conserved aft classical level

New mass scale in nature@

Key ingredient for standard
baryogenesis via leptogenesis

Lo =C/y§CHHTL e

Majorana

A(Z,N)

A(Z+2, N-2)

18




ovpp-Decay: LNV? Mass Term?

Loass = yl_LFIVR + h.c.

Dirac

Impact of observation

Total lepton number not
conserved aft classical level

New mass scale in nature@

Key ingredient for standard
baryogenesis via leptogenesis

Lo =C/y§CHHTL e

Majorana

A(Z, N) A(Z+2, N-2)
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NLDBD Experimental Horizons

Thanks: J. Wilkerson
OvpBp decay Experiments - Major Efforts Underway

mass
Collaboration  Isotope Technique (OvBB Status
GERDA Il Ge-76 Point contact Ge in LAr 31 kg Complete
MAJORANA :
DEMONSTRATOR Ge-76 Point contact Ge 25 kg Complete
LEGEND-200 Ge-76 Point contact with active veto ~200 kg  Operating (142kg)
LEGEND-1000  Ge-76 Point contact with active veto  ~ ton R&D

CDEX-300v Ge-76 Point contact with active veto  >225 kg Construction

J.F. Wilkerson | OvBB Experiments | Oct. 20, 2023

CUORE Te-130 TeO2 Bolometer 206 kg Operating
SNO+ Te-130 0.3% "*Te suspended in Scint 160 kg Constr./Commish
CUPID Mo-100  MoOs meter & scint. ~ton R&D

EX0200 Xe-136 Xe liquid TPC 79 kg Complete
nEXO Xe-136 Xe liquid TPC ~ton R&D

Ka’“L(f'fI;"ze" Xe-136 2.7% in liquid scint. 400 kg Complete

_KamLAND2Zen Xe-136 _Improved light coll, disc _ 800kg ___ Operating
NEXT Xe-136 High pressure Xe TPC ~ton Const. NEXT-100

__PandaX - 4T Xe-nat  High pressure Xe TPC 325kg Operating

KamLAND Zen PandaX-Ill

* Global effort to deply “ton scale” expt’s
- 100 x better lifetime sensitivity

« Top priority for U.S. nuclear science .



ovpp-Decay: LNV? Mass Term?

— A y _
Loass = yLHvr + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
Wtey.,
: e,
Impact of observation 7
- - (S)
What's . . 79
» Total lepton number not .
inside ?

conserved at classical level

 New mass scale in nature, A

« Key ingredient for standard

baryogenesis via leptogenesis
A(Z,N) A(Z+2, N-2)
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LNV Mass Scale & 0Ovpp-Decay

AZN) — BB — A(Z+2, N-2) + e e

Physics

« 3 light neutrinos only : source of neutrino
mass at the very high see-saw scale

« 3 light neutrinos with TeV scale LNV

« > 3light neutrinos

How can we determine the
underlying LNV physics?
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LNV Mass Scale & 0Ovpp-Decay

AZN) — BB — A(Z+2, N-2) + e e

Physics

« 3 light neutrinos only : source of neutrino
mass at the very high see-saw scale

« 3 light neutrinos with TeV scale LNV

« > 3light neutrinos

The “Standard Mechanism”

79



ovpp-Decay: LNV? Mass Term?

Lo = yLHvE + hec. o %ECHHTL + he.
Dirac Majorana

“Standard” Mechanism

» Light Majorana mass generated
at the conventional see-saw
scale: A~ 1072—- 107° GeV

« 3 light Majorana neutrinos
mediate decay process

A(Z, N) A(Z+2, N-2)

26



ovpp-Decay: “Standard” Mechanism

Three active light neutrinos

1p

KamLAND-Zen
10 Sttty

102 Lo o e
Ton scale -

Effective DBD neutrino mass (eV)

(m,)’ m— —
: 2 Inverted Normal
(Am"),
(m1)24 - o i e e col
10° 10 10" 10"
s . K
- - Am.lﬂn
o Lightest neutrino mass (eV) — = a,
| Y
Heavy Majorana Ng S —
2 (Am’), |
(m)’s ‘— 4 - (m )’




LNV Mass Scale & 0Ovpp-Decay

A(ZN) —

Underlying s A(Z+2, N-2) + e e

Physics

3 light neutrinos only: source of neutrino
mass at the very high see-saw

3 light neutrinos with TeV scale LNV

> 3 light neutrinos
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ovpp-Decay: LNV? Mass Term?

Loass = yl_}f[VR + h.c.

Dirac

TeV LNV Mechanism

 Majorana mass generated at
the TeV scale

 [ow-Sscale see-saw
 Radiative m,

s myn << 0.07 eV but 0vpp-signal

accessible with tonne-scale
exp’ts due to heavy Majorana
particle exchange

Lo =2 I°HHTL + h.c.

A
Majorana
e e
F
i
B | ! B

A(Z,N)

A(Z+2, N-2)

30




Energy Scale (GeV)

High Scale LNV & Leptogenesis

1012

103

102
107

<-_‘I'_ Standard thermal lepto

<«——— Electroweak sphalerons

<T Electroweak symmetry breaking
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Energy Scale (GeV)

High Scale LNV & Leptogenesis

1012

103

102
107

<-_‘I'_ Standard thermal lepto

3
W <«——— Electroweak sphalerons

LNV
<T Electroweak symmetry breaking
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Energy Scale (GeV)

Low Scale LNV & Leptogenesis

1012

103

102
107

Qo

ﬁf‘

LNV

<-—‘I'_ Standard thermal lepto

<«——— Electroweak sphalerons

_ 5 is. Deppisch et
<—r Fast AL = 2 int: erase L al 14, 15

<—r Electroweak symmetry breaking

The observation of TeV (and
below) scale LNV could be fatal
to the leptogenesis paradigm
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Low Scale LNV Probes

New scalars (type Il see saw)

Heavy neutral leptons (sterile
neutrinos...)

87



LNV: Scalar Fields & m,

Ovpp Decay, PV ee 2 e e, e'e > e’'e & pp collisions

dy

MLRM type Il Seesaw: 6 —~

£=035, My, =7TeV (NH)

dy

LHC
FCC-hh " ..
=)
»

10°°
107 .
: 10°%
-7 N
10 05 1 5 10 50
Msz [TeV]

G. Li, MJURM, S. Urrutia-Quiroga, J.C. Vasquez
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LNV: Scalar Fields & m,

Ovpp Decay, PV ee 2 e e, e'e > e’'e & pp collisions

dy

MLRM type Il Seesaw: 6 —~

§=035, My, =7TeV (NH)

e e

_‘5?.7(_ < | - I
Eab: Moller . T
¢ ' Mg [TeV]
> Ky < G. Li, MJRM, S. Urrutia-Quiroga, J.C. Vasquez
CEPC ot

89
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-12

-14
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-24

-26

LNV Scalar Field & GW

Stochastic
background

assive binaries

Resolvable 4

binaries

Example: Majoron models 2>
spontaneous LN violation & m,,
L:,TIS = y,’;jfifIVRj + yzjﬁﬁiuRja +h.c.,

LS = y,ﬂjfiﬁuRj + ny‘fuRja + Aijngj +h.c.,

LS =y Liflvr; + y ¢80 + yy vivrjo™ + A7, S + hc.

A. Marciano: SPCS 2023 + refs

alactic
LIGO
L/ﬂllGo
N

Core collapse

:
T arqlund EW i supernovae
I | Ta DO0-10000 EW
| |
I }
10 ‘10 10 -8 10 - 10V 10 -2 ,l 10 © 10 2 10 4 10 ©

/ Frequency / Hz

EWPT laboratory for GW micro-physics: colliders can probe

particle physics responsible for non-astro GW sources > test
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our framework for GW microphysics at other scales




BSM LNV: ovpp-Decay & pp Colliders

Lone = yLHvg + hec. o = %ECHHTL + he.
Dirac Majorana
Ovpp-Decay pp Collisions

v

A(Z, N) A(Z+2, N-2)

91



BSM LNV: ovpp-Decay & pp Colliders

p%ﬁﬁgﬂ%% + h.c.
epton

Majorana

pp Collisions

A(Z, N) A(Z+2, N-2)

Numerous studies: another talk... 92



Lepton Collider Probes

ete 2Z° 9NN vs ete=>Z°>NN

N Polarization
Lepton FB Asymmetry

— 0 — 10GeV — 30GeV — 50GeV 70 GeV

1.0F° y ' '
——————— : &%
0.15 [T T LI LI LI LA B B | LI T LI L 0'55 : ]
: : t Dirac
0.10 ; 1 Py 00f
0.0sf s S S
B 0.00f f o s
1.0 0.5 0.0 0.5 1.0
—-0.05[ ] cos 6
030F T ]
"""""""" — 0 — 10GeV — 30GeV — 50GeV 70 GeV
_0.15'| PR TRV S S S S S S ST S S R S S S I 0.15F
0.0 0.2 04 0.6 0.8 1.0
ms 0.10}
M 0.05F
Py 0.00
- - _005 L
Agg : vanish for Majorana N b
I Majorana
—0.15E, L

-1.0 -05 0.0 0.5 10

M. Drewes 2210.17110 (mini-review) o 93
Blondel, de Gouvea, Kayser 2105.06576



Lepton Collider Probes

ete 2Z° 2NN vs e*e>Z°>NN
Displaced decays (LLPs)

Nobs 22 U3 NunLa [exp(—lo/An) — exp(—l1/AN)] €ag,

. . LLP LNV Observability
lNMajorana =2Xx ﬂND/rac .
10-3 5))((5;;.]8/0;7\ \\ LNV suppressed
N R// <1/3

107 N ™~

N J - #LNV decays

S "=THINC decays
109} A

/ 10-12| nght mV ~~~~~~ \_ ~~~~~
incompatible SIS
Active-HNL Mixing 10 ; 10 100 1000

M [GeV]

M. Drewes 2210.17110 (mini-review)
Blondel, de Gouvea, Kayser 2105.06576
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W Pair Production
LNV + CPV

Br({*¢— — ptut45) — Br({T0— — p—p—4j)

Acp = Br({+{— — ptptdj)+ Br({Hl— — p—p—4j)
| g o N
-
), 15
< e
. 10
| my =15 GeV
) 0.4 0.6 0.8 1.0 1.2 1.4 1.6
h=Am/T'N,







Future e+e- Colliders: Frontier Interface

The particle physics of an e+e- Higgs factory is compelling
in its own right and the scientific opportunities of a next
generation e+e- collider must be realized

The large number of H and Z bosons make the
CEPC/FCC-e€/ILC precision tools at the interface of the
high energy and intensity frontiers

There exist exciting opportunities for inter-frontier synergy
on fundamental questions involving e+e- colliders and
cosmology/astrophysics, nuclear physics, condensed
matter and AMO physics 2 let’s pursue these synergies
vigorously and communicate the inter-frontier opportunities

to our colleagues enthusiastically o7



Frontiers
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Back Up Slides |
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V. Where is the CPV for Baryogenesis ?

100



EDMs

: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 10-35 10-30
HfF* 4.1 x 1030 ** 10-38 10-2°
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent
—— . A %  neutron
.35)7 e
r:', P proton
o 2 & nuclei
¥ it = atoms
QS
& ~ 100 x better
Not shown: ' ‘.r" Sensitivity
muon -
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EDMs: New CPV?
System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 10-35 10-30
HfF* 4.1 x 10-30** 10-38 10-2°
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent

Mass Scale Sensitivity

sinpcp~1 — M > 5000 GeV

M <500 GeV — singcp < 10-2
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 1030 1035 10-30
HfF* 4.1 x 1030 ** 10-38 10-29
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent
Mass Scale Sensitivity
fQ W sinpcp~1 — M > 5000 GeV
C allf»ﬂ“g‘Q ‘

M <500 GeV — singcp < 10-2
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EDMs: New CPV?

System Limit (e SM CKM CPV BSM CPV
Ty
199 Hg 7.4 x 1030 10-33 10-2°
HfF* 4.1 x 10-30 ** 10-38 10-28
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent
Mass Scale Sensitivity
g e fQ W « EDMs arise at > 1 loop
nyg= : :
Q“ﬁl‘l‘g‘ - CPVis flavor non-diagonal

« CPVis “partially secluded”
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EDMs: New CPV?

System Limit (e SM CKM CPV BSM CPV
Ty’
199 Hg 7.4 x 1030 10-33 10-29
HfF* 4.1 x 10-30 ** 10-38 10-28
n 1.8 x 1026 10-31 10-26
*95% CL  ** e-equivalent
Mass Scale Sensitivity
g e fQ W EDMs arise at > 1 loop
n * N ———— ~
Ql.l‘eﬂ‘ v ,‘W‘W‘ ¥ 1+ CPVis flavor non-diagonal |
N skttt A

CPV is “partially secluded”
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Flavored EW Baryogenesis

7 «
~
~
-
-
HUR™
/ \
X))
:I' T T T 'lf'l T '3 % B l:
0.4f 0, '\\\/x Y & 7 Flavor basis (high T)

I Cx O . _ A ]

L ° iy *__.-°7 X . _ .

K LR e \ b, Y. 2 — d Lepton 3

& = - 100_ R i —T——’ ; . . gYulEatwa = _EL [(YlE)ij(I)l + (Y2E)ij(1)2] 6,17[{ + h.c.
g
< | PO S -
=
= 0.0 . Uy 1T . .
"i i r15Q smm—eed___ T lf Y_ ; Mass basis (T=0)
2T Lyas ===~ fE— e ]
=025 T T ] CPVh — 7
: e Il my
- EWBG e | . e _ . .
~04[ e OTI:{ . N " K (COS quTT +[S11, quTZ/YST)h
1 rred | 1 ey | Gy .:Inn 1 a%fﬁnl%l
06 07 08 09 10 11 12 13
K- COS .
< ¢r Guo, Li, Liu, R-M, Shu 1609.09849
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Flavored EW Baryogenesis

—0.4+

Flavor basis (high T)

_gpLepton _ —E_i [(YlE)ij(I)l + (YzE)ijCI)Q] e‘z + h.c.

Yukawa

Mass basis (T=0)
CPVh — 7

wm (cos ¢ TT Hsin ¢, TiysT)h

K, COS @

' v
] \ Guo, Li, Liu, R-M, Shu 1609.09849
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Higgs Portal CPV: EDMs

CPV & 2HDM: Type Il illustration Ae.7 = 0 for simplicity
All Constraints All Constraints All Constraints
1 1
Hg Theoretically inaccessible Theoretically inaccessible
0.1~ 0.1
g g 0.01}/ ; g 0.01
0.001 4 0.001 /
10~* 107
Present New ThO: Acpe Future: Future:
d. x0.1 d. x 0.01
da(Hg) x 0.1 da(Hg) x 0.1
sin @, : CPV drpo X 0.1 drpo X 0.1
scalar mixing da(Ra) [10%7 e cm] da(Ra)

108
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Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration Ae.7 = 0 for simplicity
All Constraints All Constraints
1 0.5¢ LHC 300 b
Theoretically inaccessible
Hg
01k _ 0.1 LHC 3 ab'7
$ 005K ]
- — = H 2> Zh
g S 001y =2
g £ : 001F
0.005F
0.0017
0.001k N - [ e
104 ‘ 05 1 2 5 10 20 50
Alignment limit  , 4
Chen, Li, R-M: 1708.00435
Present New ThO: Acpe Future: Future:
d,x0.1 d, x 0.01
da(Hg) x 0.1 da(Hg) x 0.1
sin a, : CPV dro X 0.1 dro X 0.1
scalar mixing da(Ra) [10%7 e cm] da(Ra)
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Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration Ae.7 = 0 for simplicity

All Constraints All Constraints

LHC 300 b1

Theoretically inaccessible

LHC 3 ab;
H 2 Zh

|sin ap|

001
0,005

|sin ap|

0.001% : ' : ﬂ =
05 1 2 5 10 20 50

went limit gy 5

“Cheén, Li, R-M: 1708.00435

Present New 71 O:AcmEe Future: Future:
\> d, x 0.1 d, x 0.01
da(Hg) x 0.1 da(Hg) x 0.1
sin o - CPV drro X 0.1 drro X 0.1
scalar mixing da(Ra) [10%7 e cm] da(Ra)

110
Inoue, R-M, Zhang: 1403.4257



The Top Quark Portal
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CPV Top Quark Interactions?

39 generation quarks often have a special role in
BSM scenarios, given m, >> all other m;

If BSM CPV exists, d; may be enhanced

Top EDMs difficult to probe experimentally

Light fermion EDMs to the rescue ! —>
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CPV Top Quark Interactions?

Cordero-Cid et al ‘08, Kamenik et al ‘12, Cirigliano et al
‘16, Fuyuto & MRM in 1706.08548

Model-indep: independent SU(2), & U(1)y dipole operators: Ciz, Chy —
Tree level d; & loop level de , djignt g

Current limits with A = 1 TeV N Future limits with A = 1 TeV
T Ty
neutron i
ld]=1.0x10"%ec
[ ldl=1.0x10"%ccm 107
' l'k E
3 electron e
L‘; 8 107
R E
= i =
é (\,‘-\ E 3 (\/l\
| < <
: ? \\T/ 107
+ E 107
h 10 107
AN A Im(Cig) '
o/ ® (V/AP Im(Cp)
’
Fuyuto & MRM 17 o

Induced d. , djignt quark Fuyuto ‘19: Updated for new ThO



CPV Top Quark Interactions?

Cordero-Cid et al ‘08, Kamenik et al ‘12, Cirigliano et al

‘16, Fuyuto & MRM in 1706.08548 C E:

—
Model-indep: independent SU(2), & U(1)y dipole og' rsz w —
Tree level d; & loop level de , djignt g

s Future limits with A = 1 TeV
Current limits with A = 1 TeV
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T. D. Lee Institute / Shanghai Jiao Tong U.

A point of A launch
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of the early-

world’s top career
scientists scientists

A world Founded 2016
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source of
original

innovation

Theory & Experiment

""""" RO Y faculty members from
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Nuclear Physics Today
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Nuclear Physics Today

Hadron structure &
dynamics: “cold QCD”

wed B ‘f'
smiT T’me

Q é

Fundamental symmetries &

\l
NN

neutrinoleas B

neutrinos: “Intensity Frontier”

¢ 8o
Neutron Number

Rare isotopes: nuclear
structure & astrophysics

x‘ 25

©

e

=21

@

o

(=]

S Pion-Proton
= & Gas

...........................

Matter Excess, |, (MeV)

Relativistic heavy ions:
‘hot & dense QCD”

= o~
|
a0 |
s |
- F
e “1
oal - |
& __)”
- o
% DORsSS
E "
& 4 { procoe
a g
I -
£ = e 2]
« g - 37 pes w02 pos
Wit 1 pos R pos
,r‘"v" ! ppe W07 - 107 ppe
o P ops w04 2pps
L
2 00 120 0

il

00 00 .l)bﬂ 1000 1208 1400 1600

118



MJRM: 1912.07189

Ty Sets a Scale for Colliders

High-T SM Effective Potential

V(h,T)sm = D(T? = TZ)h? + Ah* +

~1
3 1
T3 = (8\ + loops) (4>‘+§92+§g’2+2yf+---) 02

Ty~ 140GeV | |= Tew
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MJRM: 1912.07189

First Order EWPT from BSM Physics

Veir T>T.

< —— Generate finite-T barrier
T<T
twnnel
¢ ¢ ¢
A A A
T¢ TEW T
TEW EW

L 5 5 > h — , ;
a,H*¢#? : T>0 aH*#* : T=0 a,H¢: T=0

loop effect tree-level effect tree-level effect 55



MJRM: 1912.07189

First Order EWPT from BSM Physics

Veff

=T Simple arguments: Tgy, +
first order EWPT -2
< M, <700 GeV
T<T
tunnel
e e e -------------------I
¢ ¢ L f
1 1 1
|
T¢ Tew E T
Tew ! EW,
L———5 h >h — S
|
|
|
a,H*¢#? : T>0 aH*#* : T=0 i a,H¢: T=0
loop effect tree-level effect | tree-level effect 454



MJRM: 1912.07189

First Order EWPT from BSM Physics

Veff

T>T.
< T-T, Higgs — ¢’ Mixing
T<T.
tunnel
=== =he e |
¢ ¢ i¢ E
A A L4 5
|

| |
| |
Ty Tew I l
Tew : Tew !
L 5 h > h i — 54 i
| |
| |
| |
a,H*¢#? : T>0 aH*#* : T=0 i aH$: T=0 i
| |
| |

loop effect tree-level effect tree-level effect



MJRM: 1912.07189

Strong First Order EWPT

* Prevent baryon number washout

Collider Target: Precision

e Observable GW and single ¢ production
7
sind| > 0.01
a1 | sinf| 2

2ATEwW | AL/4| > 0.003
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EDMs & SM Physics

dn ~ (10-16 e Cm) X QQCD +

CKM
dy

d.cKM = (1—-6) x 1032 e cm

C. Seng arXiv: 1411.1476
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BSM CPV: Electric Dipole Moments

Electron EDM experiment:
on a table top

Neutron EDM experiment:
a bigger “table”

125



EDMs & BSM Physics

d~(10"ecm) x (v/ A)? x|sing|x y; F

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

d~(10"ecm) x|(v/ A)?|x sing x y; F

BSM mass scale: TeV ? Much higher ?

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

d~ (10" ecm) x (v/A)? x sing x|y;F

BSM dynamics: perturbative? Strongly coupled?

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

d~ (10" ecm) x|(v/ A)?|\x |sing| x|y F

Need information from at least three “frontiers”

 Baryon asymmetlry Cosmic Frontier
* High energy collisions Energy Frontier
« EDMs Intensity Frontier
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EDM Interpretation & Multiple Scales

Baryon Asymmetry

Early universe CPV

Collider Searches

[~

SUSY, GUTs, Extra Dim...

BSM CPV

R :
V1 Particle spectrum; also
scalars for baryon asym

d= 6 Effective Operators: “CPV Sources”
fermion EDM, quark chromo EDM, 3 gluon, 4 fermion

dn! gnNN!

QCD Matrix Elements]

A

Energy Scale '

w

[Nuclear & atomic MEs

' Schiff moment, other P- &
T-odd moments, e-nucleus
CPV
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The Higgs Portal

NOT SURE IF HIGGS
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Dark Photon Portal
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Dark Photon Portal

[ Standard Model ] < > [Hidden Sector ]

New CPV ?
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Dark Photon Portal

SM
SU(2) Triplet

Mediator

X

Thanks: K. Fuyuto
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CPV Dark Photon

5 '3 | 1 LV 3 | T LY
£0=9) — LW, T X — ST(w, ¥ X

CP-conservin -violati
Thanks: K. Fuyuto g CP VIO/OIH’Ig

K. Fuyuto, X.-G. He, G. Li, MURM 1902.XXXXX
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CPV Dark Photon

~

5 5] A3 N
L(dzo) — K Tr[[,-{/’m/ Z] XHY _ K Tr U")V,u,u Z] X KV

/’ CP-conserving /' CP-violating
/ / Thanks: K. Fuyuto

X -y Mixing EDM
v
0
X \ X
\
N X
Orsay/E137/CHARMILTO | N\ }"" Z \ I L
10;60'3 T 1'o|'1' B 10 102 10° f A f
el 136




CPV Dark Photon

~

_E 13 | rr Y ‘3 ) 17 VLY
=5) — K Tr [ W Nz Z] XHY — K 1T [” 1% Z] X/

/’ CP-conserving /' CP-violating
/ / Thanks: K. Fuyuto

X -y Mixing EDM
) I I T TTTTT] T I rT1rrrryg
I  Electron EDM constraint — Al'
18 el <1.1x 107 ecm _|
’g‘ L |
(]
2, 10778 E
b5} = -
< — — ? 0
< % i X S\
1073 g B=B=2 = \x
= A=1TeV, xo=1GeV J A, Z
_—d. my =20 GeV, my,=200 GeV | I \ h‘
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