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ππ final states are CP even

CP eigenstates KS(KL) are CP-even(odd)

Measured 

• KL- KS mass difference

• B(KS →ππ) = (2.0 +- 0.4) x 10-3
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A Surprising Discovery of Indirect CP Violation

Proposal was 2 pages!

State of the art spectrometer with 

optical spark chambers

IBM model 526 card punch

Cronin Tokyo Lecture 1993



K-Kbar Mixing

Flavor Changing Neutral Currents

GIM mechanism (1970)

SM + BSM participates in loops or 
new tree-level interactions

Neutral meson – antimeson mixing

ΔM = 2|Re M12|

ε ~ Im M12/ ΔM

The advent of FCNC sparked the first ideas of charm 4



The “KM” Matrix of quark mixing

Incorporating CPV into quark mixing required 3 generations of quarks 5

Kobayashi and Maskawa 

receive Nobel prize in 2008

A single source of CPV in the SM:  Predictive!



A Theoretical Birth of Charm
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Prediction:

Φ(cc):  M~ 3 GeV, 

Γ~ 2 MeV,  BR(ee)~ 1%

-

Jan 1974

Aug 1974

Summer 1974



R-Ratio:  Status in Summer 1974
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Theoretical Predictions 

for R-ratio

Burt Richter Nobel Lecture, Reviews of Modern Physics 1977
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Slide from C. Quigg



The Theory World was a Flutter
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K-Kbar Mixing Provides Strong Constraints on BSM

Flavor Changing Neutral Currents

GIM mechanism (1970)

SM + BSM participates in loops or 
new tree-level interactions

Neutral meson – antimeson mixing

ΔMK = 2|Re M12| ~ 3 x 10-15 GeV

εK ~ Im M12/ ΔM ~ 2 x 10-3

The advent of FCNC sparked an entire field

ΔMK provided strongest 
constraint on right-handed 
charged gauge bosons for ~3 
decades until LHC results

Super-GIM mechanism

Gluino-Squark contributions to ε

Guides all of SUSY 
phenomenology
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Beall, Bander, Soni PRL 1982

Ellis, Nanopoulos, PLB 1982



Baryon Asymmetry of the Universe

Sakharov Conditions to 
generate BAU

• Baryon number violation (anomalous 
processes)

• CP violation (Quark CKM mixing)

• Depart from thermal equilibrium (EW phase 
transition)

One of today’s outstanding questions

SM Baryogenesis requires EWB to be 
1st-order cosmological phase 
transition

BAU observations require one excess 
quark for every quark-antiquark pair

CPV is not large enough in the SM 
to reproduce the BAU
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CPV in B Decays – Search for new CPV sources

Birth of the B-Factories at SLAC and KEK 13

Bs system

Bd system

K system
D system



B-Factory Legacy:  CPV in B System @SM Prediction

Asymmetry between B0 and B0–bar tags at BaBar/Belle led to Nobel Prize for Kobayashi & Maskawa 14



Mixing in the Charm Meson Sector

First observation by BaBar & Belle in March 2007

Strong hadronic effects must be incorporated

ΔMD ~ 10-14 GeV

New constraints on ~20 models 

Provided complementary probe to ΔMK,B

First FCNC observation in up-quark sector 15

Golowich, Hewett, Pakvasa, Petrov, PRD, Sep 2007

4th Gen

Down Squarks



LHC Detectors Rediscover the SM

J/Psi provides detector calibration 16

Dimuon data

@7 TeV

45 pb-1



Higgs Coupling Measurements @LHC

This is a great achievement! 17

Fermion and Boson couplings 

measured to ~10% (20% in 

some cases)

Constraint on charm 

coupling κc < 8.5 @95% CL

2201.11428



Precision Higgs Coupling Measurements @ Future Colliders

Motivation for future Higgs Factories 18

Sub-1% measurement of most couplings

H charm coupling measured to %-level Dawson etal, 2209.07510



• Neutrino flavor eigenstates are linear combinations of their mass eigenstates

• The flavor states oscillate as they propagate
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Study of Neutrino Oscillations



Search for CP Violation in the Lepton Sector

Search for the origin of the matter anti-matter asymmetry 20

LBNF/DUNE 

International Facility

Phase I = 2 far 

detectors, near 

detector, 1.2 MW beam

Phase II = 4 far 

detectors, upgraded 

near detector, 2.4 MW 

beam

Phase I and Phase II sensitivity to 

CP Violation

Snowmass 2022



One of the most 

cited publications

776 citations

John Harris and Berndt Mueller Review of RHIC Science 2023

https://arxiv.org/pdf/2308.05743

PHENIX

J/Psi Science at RHIC



https://arxiv.org/pdf/2109.07625

Ultra-peripheral collisions at RHIC. 

Precise J/Psi production cross section investigates the difference 

between Color Glass Condensate vs. nuclear shadowing



J/Psi Science at the EIC

23



The Discovery of CPV and the J/Psi provide the foundation for the Standard Model and modern facilities24

The Standard Model
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