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Discrete Symmetries

C: Charge conjugation particle—antiparticle
P: Parity X,V,Z —>-X,-Y,-Z
T: Time reversal t— -t

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

Only CPT has a general proof: Relativistic quantum field theories require CPT

nvariance.
- _

particle ~ mparlicle

T =7

particle ~ * particle

1957: Parity violated in weak interactions ... but CP appeared to be conserved.
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Two neutral K mesons are produced in
strong interactions:

K° (sd) and K° (sd)

Weak interactions do not conserve
strangeness:

eDecay: K. K’ > zx As =1
eMixing: K’ > zr - K" As=2

by Rochester and Butler

Nov. 22, 2024 Decades of Discovery @BNL



In spring of 1954, Jim Cronin was a

student in Murray Gell-Mann’s class
at the University of Chicago.
% . «%Lc s r

B

Fermi asked “if both K° and K°
both decay to the same final
state, how can they be distinct?”
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Behavior of Neutral Particles under Charge Conjugation
M. GELL-MANN,* Department of Physics, Columbia University, New York, New York
AND

A. Pais, Institute for Advanced Study, Princeton, New Jersey
(Received November 1, 1954)

Weak eigenstates (assuming CP invariance):

K ~K'+K° CPK,,)=+K,.,,)

even

K ~K’'-K" CP‘Kodd>:_‘Kodd>

Keven =7t allowed; K, 44y — 1wt forbidden

At any rate, the point to be emphasized is this: a
neutral boson may exist which has the characteristic #°
mass but a lifetime # 7 and which may find its natural
place in the present picture as the second component of
the 6° mixture. \

One of us, (M. G.-M.), wishes to thank Professor E.
Fermi for a stimulating discussion.
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Observation of Long-Lived Neutral V Particle

Observation of Long-Lived Neutral V
Particles™
K. Lanpe, E. T. Boorn, J. IMpEDUGLIA, AND L. M. LEDERMAN,
Columbia University, New York, New YVork
AND

W. CuiNnowsky, Brookhaven National Laboratory,
Upton, New York
(Received July 30, 1956)

* Multiple 3-body decays were identified
* “No evidence is found for 2-body
disintegrations.”

~ F16. 2. Example of K°—>rt-7~-+neutral particle. P, is shown
T( KOdd) 580 T( Keven) to be a pion by ionization measurements. P, is a prJton track
0 0 used in the ionization calibration.
(Kz) (K1)
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Kaon Regeneration

O'(]?O N) Note on the Decay and Absorption of the 6°f

:> K -|— pk A. Parts,* Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New Vork
0 L S AND
>0(K"N) :

0. PiccroNt, Brookhaven National Laboratory, Upton, New York
(Received July 5, 1955)

P rocess IS dahna | OgO us tO paSS| ng pO | d rl Zed . :l:“:agrg:lziéorr;:‘sl:::d: on how to verify experimentally a recent theoretical suggestion that the ¢ meson
light through a filter that transmits at 45°.

K, ~K'-K'=

A B
Uy n # e /
‘. K, e a—.
| ; L it
N0 - 0 0
g0 - 6:--4,18
=== —— = — -1 - —
r;.’__:"f _________ /
# ity PRSI |~ 1 (- 37 5 IRy
> oty RS ///
o 124 L
K -

«—BEAM OF HIGH ENERGY PIONS

el

Nov. 22, 2024 Decades of Discovery @BNL 7



Anomolous Regeneration

Anomalous Regeneration of K, Mesons from K,° Mesons*
L. B. Lewruner, W. CuiNnowsky,} AND R. CRITTENDEN
Brookhaven National Laboratory, Upton, New Vork
AND

R. Apar,i B. Muscrave,§ Axp F. T. Smiveryf
Yale University, New Haven, Conneclicut
(Received 13 March 1963; revised manuscript received 27 August 1963)

A beam of 1.0-BeV/¢ K mesons passing through liquid hydrogen in a bubble chamber was seen to gener-
ate K° mesons with the momentum and direction of the original beam. The intensity of K° production
was far greater than that anticipated from conventional mechanisms, and the suggestion is made that the
K" mesons are produced by coherent regeneration resulting from a new weak long-range interaction between

protons and K mesons.

* They observed 10-20 times the number of K, events expected
* Bubble chamber was quite small, so E resolution and angular resolution

were rather poor.
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Cronin-Fitch Collaboration

° In 1963, Val Fitch was finishing an p production detector of Clark, Christenson, Cronin, Turlay
experiment on the pion form factor '
at the AGS, and Jim Cronin was
completing an experiment on p
production at the BNL Cosmotron:

* Fitch, who was very experienced "“"?CVAP
with kaons, suggested that they
use Cronin’s spectrometer to look

(o)

Maqnet

for Adair’s regeneration. s T et
* René Turlay and Jim Christenson h
101 i i Fic. 1. Sch tic vi £ th i 1 .
joined Cronin and Fitch on Py sip eias a1l Ieik EEbe AL RAISEE Ml
experi ment. égi ug: view of one decay pion spectrometer, “SC" denotes spark
moer,

Nov. 22, 2024 Decades of Discovery @BNL 9



Nov. 22, 2024

PROPOSAL FOR Koz DECAY AND INTERACTION EXPERIMENT

J. W. Cronin, V. L. Fitch, R. Turlay
(April 10, 1963)

I. INTRODUCTION

The present proposal was largely stimulated by the recent anomalous

results of Adair et al., on the coherent regeneration of Kol mesons. It

{s the purpose of this experiment to check these results with a precision

far transcending that attained in the previous experiment. Other results

to be obtained will be a new and much better limit for the partial rate

+ -
of K°2 + % +7n , anew limit for the presence (or absence) of neutral

+ -
currents as observed through K2 +y +p . In addition, if time permits,

the coherent regeneration of Kl's in dense materials can be observed

with good accuracy.
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Detector for K, Experiment

WATER

CERENKOV
COUNTER
REGION OF
OBSERVED DECAYS SCINTILLATOR
PLAN VIEW
=i

| ft

57 1 TO#———

INTERNAL HELIUM BAG
TARGET
WATER
CERENKOV
< p>= 1F1‘u@é\@/€etajl of the spectrometer. COUNTER

From Cronin’s notebook Detector ~ 300 K; decay lengths
From target
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FLOOR PLAN OF EXPERIMENT
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K3 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,, < 510 MeV/c?.

By spring 1964, all events were remeasured with a commercial
bubble chamber scanning machine and the forward peak
remained.



EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T

J. H. Christenson, J. W. Cronin,} V. L. Fitch,¥ and R. Turlay$
Princeton University, Princeton, New Jersey

(Received 10 July 1964)

—— DATA

490 < m* <510 MeV

(b)

---- MONTE- CARLO CALCULATION

f

VECTOR -; =0.5

f

Hieo

1110
41100
1 90
{1 80
{1 70

1 60

1 50
140
130
120
110
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484<m* <494

oy o

45 + 9 events
after bkg subtraction

L]

494 < m*< 504 |

-t

504<m*< 514
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A

cos 8

0.9999 1.0000

+ 20

0

NUMBER OF EVENTS
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EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T

Nov. 22, 2024

We would conclude therefore that K,° decays to
two pions with a branching ratio R=(K,=-7"+77)/
(K,° -~ all charged modes)=(2.0+ 0,4)X 10~® where

the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-

fect requires highly nonphysical behavior of the
three-body decays of the K,°, The presence of a

two-pion decay mode implies that the K,° meson

is not a pure eigenstate of CP. Expressed as

0 2-1/2[(1{ KO)+€(KO+K0)] then |€|2~RT 17'2
where 7, and 7, are the K,° and K,° mean lives
and R is the branching ratio mcludmg decay to

two 7°. Using Ry = 3R and the branching ratio
quoted above, |el =2,3X1078,

Decades ot Discovery @BNL
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1980 Nobel Prize in Physics

Awarded to James Cronin and Val Fitch “for the discovery of violations of
fundamental symmetry principles in the decay of neutral K-mesons”

Nov. 22, 2024 Decades of Discovery @BNL 18



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 K10 events provided calibration (tungsten
regenerator moved to 5 different spots along decay region to approximate
K distribution).

* |n 1965, Fitch did experiment that observed constructive interference
between K; — mm and regenerated K¢ — 7 events:

EVIDENCE FOR CONSTRUCTIVE INTERFERENCE BETWEEN COHERENTLY REGENERATED
AND CP-NONCONSERVING AMPLITUDES*
V. L. Fitch, R. F. Roth, J. S. Russ, and W. Vernon

Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received 3 June 1965)
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What happened next?

* Following 1964 result, there was a flurry of theoretical and experimental
aCt|V|ty THEORETICAL PAPERS

& M Cronin plot from 1965 ANL Workshop:

papers on CP violation. Cross hatched

: EXPERIMENTAL PAPERS experiments are those specifically measuring

4 Ky, — mm.
2

N & G N

" L
IREAECENEDPIRINET™ A M J J A S
1964 1965

* 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 As=2 was

responsible for CP violation in mixing. This “superweak” model survived for 35
years.



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

« “Indirect” - asymmetric K’ — K’ oscillations

K ~(1+&)K’+(1-g)K"’
~K, +eK

even

K, ~(1+&K’—(1-&)K"
~K ,, +&K

even

Tt

£=2.28x1073

 “Direct” - CP violation in decay amplitude

K, 4q—7n, parameterized by €’

K Srr 2K Srtn

Nov. 22, 2024
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Two approaches have been used to
understand the nature of the
observed K; — mmr decays:

1) The semileptonic charge
asymmetry

2) The comparison of CP violation
inK, > n*n~ and K, - n°n"

(€'/€)

22



Semileptonic Charge Asymmetry

*Semileptonic kaon decays obey AS=AQ rule, so lepton charge uniquely identifies
K°orK°:

K, ~(1+&)K"—(1-¢)K"

_ l

T ev e v

eThe charge asymmetry is defined as
'K, >7ev)-T'(K, >7'ev)
N 'K, o7 ev)+I'(K, > nev)
1+ef —|1-¢gf
Ttef+1-ef

L

=2Re(¢)

Nov. 22, 2024 Decades of Discovery @BNL
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Charge asymmetry results

* First measurements of the charge

asymmetry (1967):

— Bennett et al. (Steinberger)
8¢ =(2.24+0.36)x107

— Dorfan et al.

5/ =(4.03+1.34)x107
* Current world Ave. o, = (3.30 = 0.07)

x1073

Millions of Events / 0.5 meter

Raw Asymmetry (107%)

e o NY
O O O O

|
—

o U &

KTeV 02:
298 M decays

Ll R R R B R
90 100 110 120 130 140 150 160

Distance from target (m)

% 8, = (3.32 £ 0.06 + 0.05) x10-3

- b # t
Foommmmmeee- 1 ---- F ------ ettt ittty et i ﬁﬁfjﬂﬁﬁﬂﬁL

Lo PRI BRI ca by
0 100 110 120 130 140 150 160

Distance from target (m)

Expectation from K—nmt with only indirect CP violation: (8, = 3.32 £ 0.03) x10~3
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Indirect vs. Direct CP Violation

To distinguish between direct and indirect CP violation, we can compare
level of CP violation in different decay modes:

+ - 0_0
If Kiormz # i ”0”0 then CP is violated in decay amplitude.
Ki—>rnnm Kiornr

+_— + _—
Re(e'/ &)~ 1 r(KL o )/F(KS o7 \)_1 €' /e #0 == Direct CP violation
6 F(KL — 27" )/F(KS — 7Z'07T0)
Predictions:

e Superweak Model (Wolfenstein) predicts no direct CP violation (¢’ /€=0)
. “Standard” CKM model predicts both direct and indirect CP violation
(e’ /e #0), although level of direct CP violation difficult to calculate.
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K, - n%r"®

K; - n°n° presented a considerable challenge in the 1960s

First observations in 1967 yielded results in disagreement with later
measurements.

First real measurements of €’ /e were published in 1972 and were
consistent with no direct CP violation (with ~6% uncertainty).

First calculation of €' /€ in from Standard Model in 1976 by Ellis,
Gaillard, and Nanopoulos (~2x1073) 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
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KTeV Csl Calorimeter
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NA48 LKr Calo
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rimeter

Both had
O-E < 1%
and

Tpos~1 mm
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KTeV K, Kc—m*n~,n%r0 invariant mass distributions
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Mass resolution is ~1.5 MeV/c?
for both charged and neutral
decay modes.
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Re(e’/e)

0.02

0.01

-0.01

0.02 |

-0.03 |

History of €' /¢

[ CERN (72)

Princeton (72)

BNL (77)

BNL (85)

FNAL E617 (85)

|

e(e’/

£20.006

0.005

0.004

0.003

0.002

0.001

-0.001L

~0.007
w -

>

E731a

World Average: Re(e'/e) = (16.8 + 1.4) x 10™

NA31 (88)

NA31 (93)

|

(87) E731(92)

%

KTeV(02)  krev (08)
KTeV (99) % + !

¢

NA48 (02
NA48 (99) 8(02)

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

* |n 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.

e 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

HyperK
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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.

* |t seems likely that this focus will
continue for many more decades.
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From left : Val Fitch, René Turlay, Jim Cronin and Jim Christenson.
Chiteau de Beauregard. Courtesy of Count du Pavillon.



