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Borrowing some nice material from:
K. Schubert, Dresden.  
J. Graham, University of Chicago, KTeV.
Massimo Lenti, INFN Firenze, CERN-NA48.   
The KTeV, CERN-NA48 and CPLEAR 
collaborations.  
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Outline of These Two Lectures…
Relevance:  We are entering the era of precision measurements 
in B-physics….What impact can Kaon physics have??

Brief  review of the  CPV and T-violating phenomena that 
have been observed, and some common formalism.   

Review of precision CP, T, and CPT measurements &  
techniques in the kaon system.  (Today)

Review of rare kaon decay O(10-10 – 10-12)! physics, which 
can quantitatively probe the CP structure of the CKM matrix.   
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Relevance I:   Baryogenesis Dilemma.

We need more CPV than 
present in the CKM 
formalism;  But B’s and 
K’s so far respect this 
formalism!

Doug Wright’s ICHEP 2002 talk
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Relevance II…

``I invented ρ and η and I don’t care what 
there values are so why should you??  The 
physics here is to determine if the breadth 
of CPV phenomena are really described 
by this simple description.’’

Lincoln Wolfenstein, CMU

The work of Nir, Isidori, Colangelo, Buras and others have 
shown that theories beyond (e.g. SUSY) the Standard Model 
typically contain much more CPV, and often very different 
manifestations between the B and K systems.  
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Relevance III…
Kaon Physics is a mature field…Advances in 
very intense beams and detector technology 
have staked out the Precision and  Sensitivity 
Frontiers…. 

Where the holy grail is the K   πνν process.
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Β(Κ+ −> π+νν)=1.57+1.75
−0.82x10−10
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Where and how does CPV and T-violation 
manifest itself in our world?

CP Violation:

1)  CPV in Mixing; e.g. Re(εK), Re(εB)

2)  CPV in Mixing-Decay Interference; e.g.  Sin2β

3)  CPV in Decays to one final state (Direct); e.g. Re(ε’/ε)

T  Violation:

1)  Observation of T-Violation in K0 K0.    

2)  Observation of T-odd decay asymmetries in KL π+π−e+e-. 
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Kaon
Phenomenology 
Review:
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Re(εΚ) can be related to the p/q formalism,  
KL =  pK0 – qK0, which leads to:  

( ) ( ) ( ) .1Re,Re21
1

Re21 2 <<+=
+

+= KK
K

K

q
p εε

ε
ε

Experimental results:

( ) ( )
( ) ( ) )%.012.0327.0(22

22

±=
+

−
=

→Γ+→Γ
→Γ−→Γ

−+

−+

qp

qp
KK
KK

LL

LL

νπνπ
νπνπ

ll

ll
[PDG 2000]

( ) ( )

.

1006.064.1Re,00012.000327.1 3−⋅±=±= Kq
p ε

For B0 mesons: ( ) ( ) .10431Re 3−⋅±±=Bε [BABAR 2001]



R. Tschirhart,  Fermilab.  XXX SLAC Summer Institute.Aug  8th, 2002 12

300M  KL πeν Decays!

( ) ( ) 31006.064.1Re −⋅±=Kε [PDG 2000]

( ) ( ) 310037.0661.1Re −⋅±=Kε [KTeV 2001]
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CPLEAR:  CP Physics at a 
Low Energy Antiproton Ring.  
Technique is to stop p’s in H2, 
and observe the following 
reactions:

pp    K+π-K0,  and

pp    K-π+K0.  

The K0/K0 is tagged by the 
away-side Kπ.  Hence one can 
study the time evolution of 
CPV in K0 K0 mixing.  
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π+π− Results from CPLEAR, CPV in mixing:

CPLEAR
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KL π+π−e+e- ,   Another T-odd laboratory…

KL ππγ

BR(KL π+π−e+e- ) = 3.6x10-7
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Discovered at KTeV, confirmed by CERN-NA48…

φ φ cos φsinφcosφ

Asymmetry = (13.6 +/- 2.5+/-1.2)%

This T-odd effect is due entirely to mixing, no evidence of direct CPV.
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Summary of K0 K0 CPV
Precisely measured in both K0 ππ and 
and K0 πeν decays.

Recently, T-violation in K0 K0 has        
been directly measured, and agrees  
with CPV;  thereby testing CPT.    
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Status of Re(ε’/ε)…

Experiment:
NA48, Final Result @ Blois 2002: Re(ε`/ε0) = (14.7±2.2).10-4

KTeV, (1/2 Data) @ Blois 2002: Re(ε`/ε0) = (20.7±2.8).10-4

World Average: Re(ε`/ε0) = (16.6±1.6).10-4

Theory:  (victim of the brown muck)

Typical range has been  5x10-4 to 40x10-4 , 
However, latest Lattice calculations are 
around -7x10-4 (!) (CP-PACs, RBC)
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The KTeV Pure CsI Calorimeter.  

Very fast scintillation 
light,  τ ~ 20 nsec, 
lower light yield 
requires PMT 
readout.  
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Raw K0 ππ Statistics:  σ(ε’/ε) = 1.7x10-4 

CPV first found 
with 47 KL π+π−

events!
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Position and Energy of K   ππ decays…
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Detector Acceptance Issues.
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Monte Carlo Acceptance Correction.
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Geometry-Only Monte Carlo Simulation.
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The ``Hard Part’’ of  Detector Simulation.
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How well is the Acceptance Known? 
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From Counting to Re(ε’/ε)….



R. Tschirhart,  Fermilab.  XXX SLAC Summer Institute.Aug  8th, 2002 37

KL and KS in the Regenerator Beam.

Quantum 
coherence 
over 30m!
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Fitting for ∆m, τs, φ+-, ∆φ ..
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Summary of KTeV K0 ππ Measurements.

Re(ε’/ε) = 

20.7+/-1.5(stat)+/-2.4(sys)x10-4

∆φ = 

0.41o+/-0.22o(stat)+/-0.48o(sys)
(CPT test)

φ +-=

44.11o+/-0.72o(stat)+/-1.1o(sys)
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Sister Experiment to KTeV:   CERN-NA48.

π+π− detection
magnetic spectrometer
σ(p)/p = 0.5%⊕0.9%∗(p/100 GeV)

π0π0 detection ( →4 γ)
LKr calorimeter
σ(E)/E=0.032/√E⊕0.09/E⊕0.0042

< 1% for E=25 GeV
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The CERN NA48 Technique:  Separate KL and KS decays in 
time, and analyze KL and KS with the same effective proper 
time         Relative KL/KS acceptance cancels!
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NA48        
KS tagger:
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KL/KS
Identification:

Equalize 
Acceptance…
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Comparison of experimental results

World average ε’/ε = (16.6±1.6)10-4 χ2=6.2/3 (prob=10%)

NA31: (23.0±6.5)10-4

E731:    (7.4±5.9)10-4

KTeV: (20.7±2.8)10-4

(preliminary)

NA48: (14.7±2.2)10-4
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Summary of Re(ε’/ε) Measurements.  
Direct CPV into one final state has been clearly 
established,  (KL ππ).

This validates a clear prediction of the Standard 
Model, although the prediction comes with a poor 
level of precision due to difficulty of the calculation.

Re(ε’/ε) will stand for quite some time as the most 
precise measurement of Direct CPV.  Lattice based 
calculation techniques are promising, and could 
provide a precision test in the future.   
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Preview for Friday….
Tommorow our discussion will turn to rare 

kaon decays, where we can leave the brown 
muck behind and quantitatively challenge the 
Standard Model.  
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Spare Slides
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Second example for Type-II CPV: B0,B0→ccK

β = 0.723 ± 0.158 sin2β = 0.755 ± 0.074 sin2

sin2β = 0.741 ± 0.067 (stat) ± 0.033 (sys)
(BaBar, ICHEP 2002)
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