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MJRM: Scientist & “Ambassador”

Fundamental symmetries

Baryogenesis

EW precision tests

Inter-frontier connections
X

Early universe QFT
EW phase transition
Collider pheno & Higgs

 Global effort: 18 researchers
 Foster scientific connections
« Science First! % &— [




Goals for this Talk

Introduce the matter-antimatter challenge and
its connection with other open questions In
particle physics

Highlight the opportunities for experimental
discoveries and insights addressing this
challenge

lllustrate recent theoretical developments

Invite you to engage in the quest to solve the
origin of matter problem



Key Ideas for this Talk

Explaining the origin of matter — “why we
exist” -- is one of the key challenges at the
forefront of fundamental interaction physics

Addressing this challenge requires BSM
physics and violations of fundamental
symmetries beyond the known SM violations

The origin of matter problem presents rich
opportunities for experimental discoveries
and theoretical insights

Exploiting inter-frontier connections is vital
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Three Lectures

 Was There an Electroweak Phase Transition ?
« BSM CPV: Electric Dipole Moments & More
 BSM LNV Two-for-One: m, & Yg ?



This Introduction

Fundamental questions in particle physics

Experimental Probes & Inter-frontier
Connections

The Origin of Matter Problem



Fundamental Questions
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Experimental Probes: Energy Frontier
LHC

International Linear Collider

Future Circular e*e- & pp
CEPC-SppC Layout




Future Colliders: CEPC

0 The idea of CEPC was proposed in Sep. 2012, and quickly gained the
momentum in IHEP and in the world.

0 The CEPC aims to start operation in 2030’s, as a Higgs (Z / W) factory in China.

Q Torun at+/s ~ 240 GeV, above the ZH production threshold for 21 M Higgs; at
the Z pole for ~Tera Z; at the W*W- pair and then tt pair production thresholds.

Higgs, EW, flavor physics & QCD, probes of physics BSM.
Possible pp collider (SppC) of v/s ~ 50-100 TeV in the far future.
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CEPC Project Timeline

Potential CEPC Sites =~

Technical Design Report (TDR) 1 5th FY
' Engineering Design Report (EDR)
S R&D of a series of key technologies
) Prepare for mass production of devices though CIPC
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Future Colliders: FCC
European Strategy for

comprehensive long-term program maximizing physics opportunities Particle Physics 2020

- stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & top factory at highest luminosities

« stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option

» highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-
independent measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as
“energy upgrade” of FCC-ee)

« common civil engineering and technical infrastructures, building on and reusing CERN'’s existing
infrastructure

« FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-
LHC

Injection transfer lines proposed to be
W xperiment site imuth = -10.2* installed inside FCC-hh ring tunnel
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2070 - 2095
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Future Colliders: ILC & CLIC

Linear Colliders
ILC & CLIC specs

HH 5K F

C ’ THE UNIVERSITY OF TOKYO

 Energy extendability to TeV scale lies in the heart of linear colliders: ILC focuses on ¥'s from 250 GeV to 1
TeV; CLIC 380 GeV to 3 TeV; keeping options to run at Z-pole (“GigaZ”)
¢ Complementary approaches: “Warm” & “Cold” accelerating technologies; 72MeV/m @ CLIC380; 31.5MeV/

m @ ILC250

* Polarized beams: both offering 80% for electron; 30% for positron in ILC default design

ILC250 ~ 20km

| V. 7
/ Compact Linear Collider (CLIC)
£ W 380 Gov - 11.4 km (CLIC380)
| 1.5 TeV - 29.0 km (CLIC1500)

_/’ Yy

* MEXT (represents Japanese government) didn’t approve the original Pre-Lab proposal [newsline]
* Not entirely negative: pointed out what directions to move forward [“hosting is not the problem”, S.Asai]
» Support to carry out time-critical R&D that was in the Pre-Lab proposal

« A really encouraging sign from this April: a fact of 2 increase on KEK funding for ILC R&D by MEXT

¢ |LC Technology Network (ITN) is launched: memorandum between KEK & CERN signed

* Promotion under leadership by International Development Team (IDT), KEK and ILC-Japan

Junping Tian, CEPC 2023, Nanjing

e
IDT Scope for ILC Realization

-success oriented and asuming no major incident-

Technology Network Construction Phase
Phase ~10 years for the construction and commissioning

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 e °-°

4_ _

€
R&D and effort to gain a common  ILC preparation laboratory and

c

view and understanding \ intergovernmental discussion
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Future Colliders: Specs

Detector h

Particle Flow

CEPC [

—>
New Physics High Precision
~10 TeV ~1%
v Higgs: 1%-0.1%
> EW: 0(102-10%)

v High Granularity
v Good Resolution
v Reliable PID

v Dark Matter
v Extended Higgs

v Composite Higgs Vs current
v Supersymmetry v Flavor
High Lumi.
> ~1034-36cm-2s-1
Operation mode Z w Higgs
Center-of-mass energy (GeV) 91 160 240 v Higgs: 20 ab!l <=
Operation time (year) 2 1 10 ANz 100 ab-1
Instantaneous luminosity/IP (103 cm=2s~1) 115 16.0 5.0 &4--- v W 6 ab?!
Integrated luminosity (ab=", 2 IPs) 60 3.6 12 v Top: 1 ab?
Event yield (30 MW) 2.5x 102 1.0 x 10® 2.5 x 10°
Event yield (50 MW) 4.0 x 102 1.6 x 10% 4.0 x 10°

LEP: 17 x 10 Z

ILC

91 GeV 250 GeV 350 GeV 500 GeV 1000 GeV
J L (ab7h) 0.1 2 0.2 4 8
duration (yr) 1.5 11 0.75 9 10
beam polarization (¢~ /e™; %) 80/30 80/30 80/30 80/30 80/20
(LL, LR, RL, RR) (%) (10,40,40,10) (545455) (5,68,22,5) (10,40,40,10) (10,40,40,10)
S1sr (%) 10.8 11.7 12.0 12.4 13.0
ps (%) 0.16 2.6 1.9 45 10.5

[arXiv:2203.07622]

FCC-ee

double ring e*e- collider, with full-energy booster
2 or 4 interaction points

efficient L from Z to tt

thanks to twin-aperture magnets, high-Q SRF,
efficient RF power sources, top-up injection, etc.

>2.5 ab1 / IP with ~0.5x10¢ H / IP (3y)
>75 ab1 / IP with ~2x1012 Z / IP (4y)

CLIC

380 GeV 1.5 TeV 3TeV
[L (ab™1) 1 25 5
P(e-,e+:%) 80/0 80/0 80/0
(LR,RL) (50,50) (80,20) (80,20)
[arXiv:2203.07622]
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Frontiers

HEP : New (heavy) particles

I. Rare/ forbidden processes

3. Light & weakly coupled Origin of neutrino mass

v T "\ Absolute v mass,

p-decay OVBB V oscillations, v scattering,,
sterile v,...
L/ Charged LFV N erie V.

Baryon asymmetry (1oee=T) Nature of dark matter
(violation of B, L, CP) ~ Light & weakly interacting particles
Quark FCNC

7
EDMs, ..., PV electron scattering, /
n-n oscillations Muon g-2, B-decays, ...
\u N Searches for dark
bosons, axions, ALPs,
Are there new forces, / e
weaker than the weak force?

V. Cirigliano, INT workshop ‘24

HEP : H & Z factories

Historical artifact: US HEP
vision -2 still useful mnemonic 14



A New LHC Emphasis: Lifetime Frontier

New physics X at the LHC

The overwhelming
majority of the work of
the LHC experiments
in Run 1

4/‘@

. We y/
n f/79 , OOA'/'”

9h 9 for
Ip/aces 2 BSMp/) s/,

L4

Outer edge
of detector

James Beacham [Ohio State] LHC LLP Workshop — Trieste 18 October 2017
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A New HEP Emphasis: Lifetime Frontier
New physics X at the LHC

The overwhelming
majority of the work of

: the LHC experiments
in Run 1

——)

ro

A relatively few
Intrepid explorers
doing inventive things
with long-lived
particle signatures

Outer edge
of detector

James Beacham [Ohio State] LHC LLP Workshop — Trieste 18 October 2017




Why Should BSM LLP’s Exist ?

Large scale hierarchies & broken symmetries

M  Heavy (off shell) mediator:
CT «— iy ) o 1 Hidden valley
Mx oo 1 « Compressed spectrum :
CT — |\ A Stealth SUSY
( CT )-1 — gx << 1 * Broken symmetry:
A RPV SUSY
« Scale ratio: N , Zp

17
MJRM, LLP Workshop, Trieste 2017



A New HEP Empahasis: Lifetime Frontier
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Energy Frontier: LHC

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
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CMS: Heavy BSM (prompt)

DD, Gt my = 2500 GeV
DD, gt mg = 2500 GeV
0D, - = 1600 Gev
0D, -3, = 1600 Gev
10D, £-b1,mi= 600 GeV.

1D, Fbl, m; = 1600 GeV

G, g6, mj =2450 GeV
00 GV
SpIRSUSY, Gqdf, my= 2500 GeV
Sple SUSY, Gqd . my= 1300 Gl
e e
GHSB (4SCP) tang= 10, > 0. me= 247 GeV
SoomaL Lot = 100GV

Stopped 8, 54adK iy =0.1, my = 1300 GeV.

46.6-aGURR. = 0.1, ms =940 GeV
RSB, X s =00 GeV

Gl o LBt A my = 160G, wisser s

Goatior
T or b, Xt Ll i 100G, g 1000 GV
G, -GSO RZSISUK). myg = 600 GeV

G, E-HGCORIZES0K). mg = 300 GeV.

S8 5758, g1, my = 400 GeY

G, coNLSP, 6, mi= 270 GeV

HoZoZd 0.1, Zomil v 125 GeV. =20 GeY
HAZoZ0.190, Z15TH). m =125 Ge¥, my = 5 Gev
HXH(10%), X e,y = 125 GeY, mg = 20 GeY
HAXR(0.03%), Xl = 125 GV, g =30 GeY
HXH(L0%), X5, = 125 GeV, mym 40 G
AKXl 3Gl 0
HaXX(10 (b, myy= 125 GeV, my= 40 GeV.
o) o e 138 G G

QD e =5 GeV. e 1200 6oV

Selection of observed exclusion imits

Overview of CMS long-lived particle searches

CMS Preliminary March 2023
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5% C.L. (theory uncertainties are notincluded). The y-axis tick labels indicate the studied long-lived particle

CMS: LLP
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Frontiers
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Frontiers

Dark Mat

Park Energy

Precision tests:
muon g-2, PV ee...
Fundamental
symmetry tests (CP, HEP + Nuc « Atomic, Molecular,
Lepton number...)
Neutrino properties
Flavor physics

Optical
e Condensed Matter

Historical artifact: US HEP
vision -2 still useful mnemonic 21
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Intensity Frontier: BSM Footprints

New Symmetries

1. Origin of Matter ” I o
. Unification & gravity 7l >

2
3. Weak scale stability
4. Neutrinos



Intensity Frontier: BSM Footprints

New Symmetries
1. Origin of Matter
. Unification & gravity

2
3. Weak scale stablility
4. Neutrinos

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



Lepton
number

Nuclear Physics Connections

_smiT

Fundamental symmetries &
neutrinos: “Intensity Frontier”
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More Matter than Antimatter ?

Paradigmatic inter-frontier challenge
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Cosmic Baryon Asymmetry

Yp = — = (8.66£0.04) x 10~

One number — MW W M ... Explanations

Experiment can help:

. . . | BARYOGENESIS THEORIES
» Discover ingredients —
« Falsify candidates el a Rl cd e RERE

—
—eeee

3]

. . . §3i59 | @2vi8 Briug BSiss8 Gsro® l L
e wee 3 sen wee sen 3 see  ese ) -
USCENSUSBUREAUU S C EaNBSEE s s 2

The U.S, Census Bureau:
Chronicling the Growth ol Theory
The Gromth of Amadcan Cifes: 1900-2000




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

28
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Fermion Masses & Baryon Asymmetry
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