
1

More Matter Than Anti-Matter: When and How ?

USTC Lectures June 4-6, 2043

M.J. Ramsey-Musolf
• T.D. Lee Institute/Shanghai Jiao Tong Univ.
• UMass Amherst
• Caltech

My pronouns: he/him/his
# MeToo

About MJRM: 

Science FriendsFamily

Vice Magazine

• mjrm@umass.edu
• mjrm@sjtu.edu.cn
• 微信 ： mjrm-china
• https://michaelramseymusolf.com/

https://michaelramseymusolf.com/


19.1

T. D. Lee Institute / Shanghai Jiao Tong U.

A point of 
convergence 

of the 
world’s top 
scientists

A world 
famous 

source of 
original 

innovation

A launch 
pad for the 

early-
career 

scientists

Founded 2016

Particle & Nuclear 

Physics

Astronomy & 

Astrophysics

Quantum

Science

Dark Matter & 

Neutrino

Laboratory 

Astrophysics

Topological 

Quantum 

Computation

Theory & Experiment faculty members from
17 countries and
regions, with over
40% of them foreign
(non-Chinese) citizens

100+

https://tdli.sjtu.edu.cn/EN/

Director

Prof Jie
Zhang

https://www.youtube.com/
watch?v=z0awD6q8FTI
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MJRM: Scientist & “Ambassador”

TDLI / SJTU

ACFI / 

UMass

• Early universe QFT
• EW phase transition
• Collider pheno & Higgs

• Fundamental symmetries
• Baryogenesis
• EW precision tests
• Inter-frontier connections

Amherst
Shanghai

• Global effort: 18 researchers 
• Foster scientific connections
• Science First ! 科学第一！
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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 

• Illustrate recent theoretical developments

• Invite you to engage in the quest to solve the 
origin of matter problem
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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: mn & YB ?
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This Introduction

• Fundamental questions in particle physics

• Experimental Probes & Inter-frontier 
Connections

• The Origin of Matter Problem



Fundamental Questions
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Origin of mn
8



Experimental Probes: Energy Frontier

CMS

ATLAS

LHC

International Linear Collider

Future Circular e+e- & pp

Future Circular e+e- & pp
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Future Colliders: CEPC

Yuhui Li, CEPC 2023, Nanjing

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

q The CEPC aims to start operation in 2030’s, as a Higgs (Z / W) factory in China. 
q To run at 𝑠 ~ 240 GeV, above the ZH production threshold for ≥1 M Higgs; at 

the Z pole for ~Tera Z;    at the W+W- pair and then 𝒕�̅� pair production thresholds.
q Higgs, EW, flavor physics & QCD, probes of physics BSM.

q Possible pp collider (SppC) of 𝑠 ~ 50–100 TeV in the far future.

TDR (2023), EDR(2026), 
start construction (2027-8)

15th FY

Experiments à
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Future Colliders: FCC

Frank Zimmermann, CEPC 2023, Nanjing

comprehensive long-term program maximizing physics opportunities

• stage 1: FCC-ee (Z, W, H, t ̅t) 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

2020 - 2040 2045 - 2063 2070 - 2095

FCC-ee FCC-hh

European Strategy for 
Particle Physics 2020

Feasibility 
study: 91 km 
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Future Colliders: ILC & CLIC

Junping Tian, CEPC 2023, Nanjing
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Future Colliders: Specs

Yuhui Li , Frank Zimmerman, Junping Tian, CEPC 2023, Nanjing

double ring e+e- collider,  with full-energy booster

2 or 4 interaction points

efficient L from Z to 𝒕�̅�
thanks to twin-aperture magnets, high-Q SRF, 
efficient RF power sources, top-up injection, etc.
>2.5 ab-1 / IP with ~0.5x106 H / IP (3y) 
>75 ab-1 / IP with ~2x1012 Z / IP (4y)

FCC-eeCEPC

ILC CLICLEP: 17 x 106 Z
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

HEP : H & Z factories

HEP : New (heavy) particles 

Li
fe

tim
e 

Fr
on

tie
r

V. Cirigliano, INT workshop ‘24



A New LHC Emphasis: Lifetime Frontier
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Are we looking for BSM physics 

in the right places? 



A New HEP Emphasis: Lifetime Frontier

16

Are we looking for BSM physics 

in the right places? 

More and more  



Why Should BSM LLP’s Exist ?
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Large scale hierarchies & broken symmetries 
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• Heavy (off shell) mediator:     
Hidden valley

• Compressed spectrum : 
Stealth SUSY

• Broken symmetry:     
RPV SUSY

• Scale ratio: NR , ZD

ct

ct

( ct )-1

MJRM, LLP Workshop, Trieste 2017



A New HEP Emphasis: Lifetime Frontier
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FASER 
SHiP (proposed)

MATHUSLA (proposed)

+ ATLAS, CMS, LHCb
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Energy Frontier: LHC

ATLAS: Heavy BSM (prompt)

SUSY

Non- SUSY

CMS: Heavy BSM (prompt)

CMS: LLP
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

• Precision tests: 
muon g-2, PV ee…

• Fundamental 
symmetry tests (CP, 
Lepton number…)

• Neutrino properties
• Flavor physics

HEP + Nuc
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

• Precision tests: 
muon g-2, PV ee…

• Fundamental 
symmetry tests (CP, 
Lepton number…)

• Neutrino properties
• Flavor physics

HEP + Nuc • Atomic, Molecular, 
Optical

• Condensed Matter
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic
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Intensity Frontier: BSM Footprints



Intensity Frontier: BSM Footprints

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

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

DiscoveryDiscovery
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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



Cosmic Baryon Asymmetry

One number ! IIII IIII IIII … Explanations

BARYOGENESIS THEORIES

Theory

Experiment can help:

• Discover ingredients
• Falsify candidates 
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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…

28
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Fermion Masses & Baryon Asymmetry

Partners

Partners

Higgs Mechanism

Electroweak baryogenesis: 
Baryon asymmetry & mf from 
EW symmetry breaking

Something else ?

Leptogenesis: Baryon 
asymmetry & mn from 
lepton number violation

This talkThis talk
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Cosmic History

EWSB CMB (decoupl) & 
Recombination

Inflation Radiation Matter Vac

QGP-Had

BBN

Standard Thermal 
Leptogenesis

End of 
inflation + 
reheating

Electroweak 
Baryogenesis



Baryogenesis Scenarios
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Electroweak, resonant lepto, 
WIMPY baryo, ARS lepto…

Post-sphaleron, cold…

Most directly testable
31
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Post-sphaleron, cold…

Most directly testable

Discover (some) ingredients 
& possibly falsify
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

• Precision tests: 
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