
Discovery of CP Violation
Ed Blucher, University of Chicago

Nov. 22, 2024 Decades of Discovery @BNL 1



Outline

• Background
• The 1963 Experiment
• Experimental and theoretical efforts to understand what they 

observed
• Summary

Nov. 22, 2024 Decades of Discovery @BNL 2



Discrete Symmetries
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C: Charge conjugation particle®antiparticle
P: Parity x,y,z ®-x,-y,-z
T: Time reversal t ® -t

Until late 1950s, all three were assumed to be good symmetries.
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particle particle

=
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1957: Parity violated in weak interactions … but CP appeared to be conserved.

Only CPT has a general proof: Relativistic quantum field theories require CPT 
invariance.
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Neutral K discovered in 1946 
by Rochester and Butler

Two neutral K mesons are produced in 
strong interactions:

K sd K sd0 0  and  ( ) ( )

Weak interactions do not conserve 
strangeness:
•Decay: 
•Mixing:

K K s0 0 1, ® =pp              D
K K s0 0 2® ® =pp         D
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In spring of 1954, Jim Cronin was a 
student in Murray Gell-Mann’s class 
at the University of Chicago.

Ryerson Laboratory, University of Chicago

Weak eigenstates (assuming CP invariance):

K K K CP K K

K K K CP K K
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odd odd odd
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Keven ®pp allowed; Kodd ®pp forbidden

Fermi asked “if both 𝐾! and "𝐾!
both decay to the same final 
state, how can they be distinct?”



Observation of Long-Lived Neutral V Particle

Nov. 22, 2024 Decades of Discovery @BNL 6

• Multiple 3-body decays were identified
• “No evidence is found for 2-body 

disintegrations.”
t(Kodd) ~ 580 t(Keven)

(𝐾!")(𝐾#")



Kaon Regeneration
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Process is analogous to passing polarized 
light through a filter that transmits at 45°.
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Anomolous Regeneration
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• They observed 10-20 times the number of K1 events expected
• Bubble chamber was quite small, so E resolution and angular resolution 

were rather poor.



Cronin-Fitch Collaboration
• In 1963, Val Fitch was finishing an 

experiment on the pion form factor 
at the AGS, and Jim Cronin was 
completing an experiment on 𝜌
production at the BNL Cosmotron:

• Fitch, who was very experienced 
with kaons, suggested that they 
use Cronin’s spectrometer to look 
for Adair’s regeneration.

• René Turlay and Jim Christenson 
joined Cronin and Fitch on 
experiment.
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𝜌 production detector of Clark, Christenson, Cronin, Turlay
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Detector for 𝐾!" Experiment
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From Cronin’s notebook
<p>=1.1 GeV/c
Detector ~ 300 K1 decay lengths
From target
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𝐾!" Decay and Interaction Experiment 

• Proposal submitted on April 12, 1963
• Proposal approved for ~ 200 hours on May 6; allotted time had 

to be used between May 27 and July 22.
• Detector moved from cosmotron to AGS and debugging started 

on June 2.
• Data taking began with regenerator runs.
• CP Invariance run began on June 20, 1962 and lasted for one 

week.
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CP Invariance Run
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Analysis

• They stopped data taking at the end of June, and immediately 
began analysis of anomalous regeneration data. The CP invariance 
limit was not a high priority.

• René Turlay was in charge of measurements taken with the helium 
bag.

• By early 1964, events from the CP run had been measured with a 
homemade angular encoder, and showed clear forward peak for 
events with 490 < 𝑚!! < 510MeV/c2.

• By spring 1964, all events were remeasured with a commercial 
bubble chamber scanning machine and the forward peak 
remained.
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45 ± 9 events
after bkg subtraction

490 < m* < 510 MeV
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1980 Nobel Prize in Physics
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Awarded to James Cronin and Val Fitch “for the discovery of violations of 
fundamental symmetry principles in the decay of neutral K-mesons”



Crucial Role of Regeneration in CP Discovery
• Anomalous regeneration provided motivation for experiment.
• Measured regeneration rates in tungsten, copper, carbon, and liquid 

hydrogen targets allowed them to estimate regeneration in He (negligible).
• Coherently regenerated 𝐾&' events provided calibration (tungsten 

regenerator moved to 5 different spots along decay region to approximate 
𝐾(' distribution).

• In 1965, Fitch did experiment that observed constructive interference 
between 𝐾) → 𝜋𝜋 and regenerated 𝐾* → 𝜋𝜋 events:
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What happened next?
• Following 1964 result, there was a flurry of theoretical and experimental 

activity.

• Two of these theory papers are particularly notable:
– The paper of Wu and Yang in August worked out most of the phenomenology 

used for for CP violation in neutral kaons to this day, including the ideas of indirect 
and direct CP violation

– Lincoln Wolfenstein proposed that a new very weak interaction with Ds=2 was 
responsible for CP violation in mixing. This “superweak” model survived for 35 
years. 
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Cronin plot from 1965 ANL Workshop: 
papers on CP violation. Cross hatched 
experiments are those specifically measuring 
𝐾! → 𝜋π.



Later Theory Developments

1967: Sakharov described conditions required for universe with 
baryon number = 0 (equal matter and antimatter) to evolve to one 
with net baryon number: baryon number violation, C and CP violation 
(direct), and out of equilibrium conditions.
1973: Kobayashi and Maskawa pointed out that electroweak theory 
with 2 generations was automatically CP conserving, but 3 generation 
theory allowed CP violation, with a single CP-violating quantity. (In 
1973, only 3 quarks had been detected!)
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Indirect vs. Direct CP Violation
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• “Indirect” - asymmetric              oscillations

|ε|=2.28x10-3

• “Direct” - CP violation in decay amplitude
Kodd→ππ, parameterized by ε´

ππ
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Two approaches have been used to 
understand the nature of the 
observed 𝐾% → 𝜋𝜋 decays:

1) The semileptonic charge 
asymmetry

2) The comparison of CP violation 
in 𝐾% → 𝜋&𝜋' and 𝐾% → 𝜋!𝜋!
(𝜖(/𝜖)

0 0K Kp p p p+ - + -® ¹ ®



Semileptonic Charge Asymmetry
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•Semileptonic kaon decays obey DS=DQ rule, so lepton charge uniquely identifies 
0 0 or :K K

•The charge asymmetry is defined as



Charge asymmetry results
• First measurements of the charge 

asymmetry (1967):
– Bennett et al. (Steinberger)

– Dorfan et al. 

• Current world Ave. dL = (3.30 ± 0.07) 
´10-3
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3(2.24 0.36) 10e
Ld

-= ± ´

3(4.03 1.34) 10L
µd -= ± ´ dL = (3.32 ± 0.06 ± 0.05) ´10-3

KTeV 02: 
298 M decays

Expectation from K®pp with only indirect CP violation: (dL = 3.32 ± 0.03) ´10-3
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To distinguish between direct and indirect CP violation, we can compare 
level of CP violation in different decay modes:

If

( ) ( ) ( )
( ) ( ) ú

ú
û

ù

ê
ê
ë

é
-

®G®G

®G®G
»¢

-+-+
1

/
/

6
1/Re 0000 pppp

ppppee
sL

sL
KK
KK

K
K

K
K

L

S

L

S

®
®

¹
®
®

+ -

+ -

p p
p p

p p
p p

0 0

0 0
then CP is violated in decay amplitude. 

Predictions:
• Superweak Model (Wolfenstein) predicts no direct CP violation (𝜖+/𝜖=0)
• “Standard” CKM model predicts both direct and indirect CP  violation 

(𝜖+/𝜖 ≠0), although level of direct CP violation difficult to calculate.

Indirect vs. Direct CP Violation

𝜖(/𝜖 ≠0        Direct CP violation



𝐾# → 𝜋"𝜋"

• 𝐾& → 𝜋'𝜋' presented a considerable challenge in the 1960s
• First observations in 1967 yielded results in disagreement with later 

measurements.
• First real measurements of 𝜖(/𝜖 were published in 1972 and were 

consistent with no direct CP violation (with ~6% uncertainty).
• First calculation of 𝜖(/𝜖 in from Standard Model in 1976 by Ellis, 

Gaillard, and Nanopoulos (~2×10)*) ultimately inspired several 
new efforts: E617,E731,KTeV (FNAL); NA31,NA48, CPLEAR (CERN); 
KLOE (LNF)

• Effort culminated in KTeV at Fermilab and NA48 at CERN detecting 
direct CP violation
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KTeV Detector

KL + rKS

KL

NA48 Detector

Experiments designed to measure Re(e¢⁄e)
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Both had
𝜎! < 1%

and
𝜎"#$~1 mm
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NA48 LKr CalorimeterKTeV CsI Calorimeter
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KTeV KL,KS®p+p-,p0p0 invariant mass distributions

Mass resolution is ~1.5MeV/c2

for both charged and neutral
decay modes.



History of 𝜖!/𝜖
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World Average: Re(ε´/ε) = (16.8 ± 1.4) × 10-4

KTeV and NA48 definitively observed direct CP violation, ruling out the Superweak
Model as the sole source of CP violation and supporting the CKM model.



CP Violation in B Decay

• In 2001, BaBar and Belle 
observed CP violation in B 
decays.

• B decays have an extremely 
rich pattern of CP violation; 
all consistent with CKM 
model.

• Studies continue with LHCb
and Belle II.
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Next frontier: CP Violation in Neutrinos

• CP violation in neutrino oscillations would provide important 
evidence of the viability of leptogenesis.

• DUNE and HyperK detectors now under construction

Nov. 22, 2024 Decades of Discovery @BNL 32
DUNE HyperK



Summary

• For the 60 years since the 
discovery of CP violation, the 
effort to understand CP violation 
and its connection to the matter-
antimatter asymmetry has been a 
central theme of particle physics 
and cosmology.

• It seems likely that this focus will 
continue for many more decades.
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