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CP-Violation
Violationof Particle Anti-particle Symmetry

Friday:
� Symmetries

� Parity-Operation and Charge-Conjugation

� The neutral K -Meson-System

� Discoveryof CP-Violation(1964)

� CP-Violation in the Standard Model

� Measurementsat the CPLEARExperiment (CP Violation in K 0-Mixing)

� Slidesonly: Latest Resultsfrom NA48 (CP Violation in K 0-Decays)

Monday:

� Recap:Discoveryof CP-Violation

� The neutral B -Meson-System

� CKM Matrix and Unitarity Triangle

� Prediction for the B -Systemfrom K -Results

� B-FactoriesBaBar and Belle (Test of Standard Model)

� Future Experiments,CP-Violation in the Lepton-Sector?

� Summary



Recap:CPViolationin K 0-System
� Associatedproductionof strangenesspairss�s in strangenessconservingstrong

interactions

� Decay via strangenessviolatingchargedweakinteractione.g. K 0 ! 2 � 3� .

� K 0(= d�s) andK
0
(= �ds) canboth decay into 2� (CP=+1) or 3� (CP=� 1)

� K 0 andK
0

canalsooscillateinto eachother (via their common�nal states)
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� ConstructCP-Eigenstatesof neutralKaons:
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Recap:Kaondecaysin the CP-mirror
CP-Violation:Di�erent ratesfor K 0 andK
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4) CP/ in interference
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(InterferencebetweenCP-violatingphases
of di�erent mixing and decay channels)



Recap:Discoveryof CP-Violation

IncomingK 2 beam,Helium �lled decay volume

Christenson,Cronin,Fitch, Turlay (Phys.Rev.Lett.13, 138-140,1964)

CP-Violationin K 0-mixing: BR(K 2 ! � + � � ) = 2 � 10� 3 ! �



Kaons
The CP-EigenstatesK 0

1 (CP=+1) andK 0
2 (CP=�� 1)

are modifedby � -admixturesto form the physicalshort-lived and
long-livedstatesK 0
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PDG2002:

� = (2:282� 0:017)� 10� 3

� mK 0
L � K 0

S
= (0:5303� 0:0009)� 1010�hs� 1

� L = (3:27� 0:12) � 10� 3

� 0=� = (1:8 � 0:4) � 10� 3



B-Mesons

Name content charge mass[MeV/c2]

K + u�s +1 494

K � s�u -1 494

K 0 d�s 0 498

K
0

s �d 0 498

B + u�b +1 5279

B � b�u -1 5279

B 0 d�b 0 5279

B
0

b�d 0 5279

B-Mesons:mass� 10 timeslarger ! lifetime shorter

� K S � 9 � 10� 11s; � K L � 5:2 � 10� 8s � B 0 � 1:6 � 10� 12s;



B 0-Mixing

Analogousto K 0-system:B 0 $ B
0

via box-diagramwith W-bosons:
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The physicalstatesare B 0
Heavy andB 0

Light:

B 0
H = pB0 + qB

0
K 0

S= pK 0 + qK
0

B 0
L = pB0 � qB

0
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L = pK 0 + qK
0

� Samelifetimesdueto largephasespace( 6= K 0
S ! 2� , K 0

L ! 3� )

� Massdi�erence � mB 0
d

= (0:489� 0:008) ps� 1 ! Oscillations

� If p 6= q ! CP Violation (in B 0-mixing)



B
-M

ixingE
vent

K. R. Schubert (TU Dresden), XXXIV. Arbeitstreffen Kernphysik, Schleching, 20-27/2/03 41

ARGUS: BB osc discovery 1

B 0-mixing: First Observationat Argus,DESY,1987 PLB192, 245 (1987)



B decaysin the CPmirror
CP Violation: Di�erent ratesfor B 0 andB
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4) CP/ in interferencebetweendecays
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CPViolationat the B-Factories
CP Violation in the interferencebetweendecays with andwithout mixing

The "goldenmode" (experimentallyand theoreticallymost simple):
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Both B 0 andB
0

decay into the sameCP-eigenstate(CP=� 1)
Phaseconventionusedin B-Factory experimentsCP(K 0

S) = � 1:
B (J = 0) ! K 0
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Measurementof B-productionandB-decay timesrequired



CKM Matrix
Threegenerationsof quark-dubletts:

Cabibbo-Kobayashi-Maskawa-Matrix VCK M :
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WeakEigenstates= CKM � Flavour-Eigenstates



Quark FlavourMixing
Example:Compare � � ! � � � � andK � ! � � � �

� �� �

gW

gud = Vud � gW

W �

d u
� �

� �� �

gW

gus = Vus � gW

W �

s u
K �

Mixing betweend ands quarks:

d0 = d cos� C + s sin� C

s0 = � d sin� C + s cos� C

�( K � ! � � � � )
�( � � ! � � � � )

�
g2

W sin2� C

g2
W cos2� C

�
sin2� C

cos2� C

sin � C = 0:220� 0:003
� C = 12:7� � 0:2�

Note: Here"Mixing" meanssuperposition of Flavour-Eigenstatesto
form Eigenstatesof chargedweak interactions



CKM Matrix
Matrix elementsdeterminedfrom Experiments.

VCK M =

0
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0:975 0:223 0:004

0:222 0:974 0:040

0:009 0:039 0:999

1

C
A

Vus ' sin � C = 0:22

Somefeatures(experiment):

� CKM almostdiagonal:transitionsbetweengenerationssuppressed

� 3rd generationalmostdecoupled:b-lifetime larger than c-lifetime

Someconstraints(theory):

� Unitarity: no sourcesor drainsof particles,exactly6 quarks

� 4 parametersfree: 3 realanglesand1 complexphase



CP-Violationin CKM Matrix

Wolfensteinparametrisation:

Matrix-Elementsexpressedasfunctionof four freeparameters
A; �; �; � andexpandedin ordersof � = jVusj = 0:22.
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ComplexelementsVtd andVub allow for CP violation

CP-Violationis a "built-in feature" of the Standard Model



CP-ViolationfromcomplexCKM-Elements
Mixing Box-diagrams:
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Complexmatrix elementVtd = jVtdje� i � contributesdominantlyto
mixingamplitudewith phase2� .

Large CP Violationexpectedin 3rd generationB-mesons.
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Unitarity Triangle
Quark-Flavour-Mixingamong3 generationsonly: VCK M is unitary
Unitarity: No sourcesor drains,i.e. no other particlesparticipating

Unitarity : V � V =

�

3 ) V �
ik Vkj = � ij

E:g: for i = 3; j = 1 : V �
ubVud + V �

cbVcd + V �
tbVtd = 0

Trianglein the complex� -� plane:
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Note: For 4 quark generations! Unitarity Quadrangle



Constraintson � and�
Predictionof CP violationfor B-Mesonsfrom previousmeasurements:

� + � (K 0)

b ! ul � � m(B 0
d)

� m(B 0
s )

Measurementof CP Violation in B-System)
Test of Unitarity of VCK M )

Testof Standard Model



Predictionfor CPViolationat the B-Factories



B-Factories:e+ e� ! �(4 S) ! B 0B
0

� m(�(4 S)) = 10:58 GeV,BR(�(4 S) ! B 0B
0
) � 50%

� ReconstructoneB with decay into CP Eigenstate:B ! J= K S

� Identify ("tag") type of other B e.g.,by leptoncharge
Feature:The two B developcoherently, opposite 
avours until decay

� Measuretime di�erencebetweenB decays (� z ) � t)
Separation of Vertices! "Asymmetric" B-Factories



B-Factory at SLAC, USA





B-Factory at KEK, Japan

Belle Experiment



UsedO(108) B 0B
0

pairsfor CP Violationmeasurements

















Taggingof B-Flavour
Find out whetherB 0 or B

0

Lepton Tag:
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FiniteDetector Resolution

The realdistributionis modi�ed dueto �nite detector resolutions

� fraction of eventswith mistaggedB-
avours

� �nite vertexing,i.e.time resolution

Dilution D, p=probability of right tag

Ameasured= DAtheory with D � 2p � 1



Results

Usingall tag channels:

A(� t) = D
�( B

0
(� t) ! f ) � �( B 0(� t) ! f )

�( B
0
(� t) ! f ) + �( B 0(� t) ! f )

= D sin(2� ) sin(� m� t)

Amplitudeof Oscillation� sin(2� )
Frequencyof Oscillation� � m

sin(2� ) = 0:741� 0:067� 0:033
� m = 3:22� 10� 4 eV



All Resultsfor sin2�



Resultsin � -� Plane

Result�ts perfectlywith Standard Model
(CKM relationswith � + � (K 0), � mB 0 , jVub=Vcbj)

CP Violation is con�rmed to haveits origin in the mixingof 6 quarks



CKM Wolfenstein-Parameters:
A = 0:82� 0:03, � = 0:223� 0:002, � = 0:20� 0:10, � = 0:36� 0:06



Prospects
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� Further improveprecisionof sin(2� )

� Measureangle� (B ! hh, �rst hints at 2� level)

� Search for CP-Violationin other B decay modes

� Precisionmeasurementsof other CKM Matrix-Elements

� Search for rare B-decays

� Upgradesfor evenhigherLuminosity (planningphase)



NextGenerationExperiments

1011 B per year: O(103) more than B-Factories



Disprovethe Standard Model!



CPViolationin the Lepton-Sector ?
Evidencefor neutrino-oscillations (cf. Lecturesby A.Geiser)

) Neutrinomixingmatrix (MNS)
Maki, Nakagawa, Sakata, Prog.Theor.Phys.,28,870,1962
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A complexphase� CP couldbe responsiblefor leptogenesis

) Leptogenesiscouldfeedvia conservedB-L into baryon number
violation

Hope to observeCP-Violationin the neutrino-sector

) Longterm programof neutrinophysics



Matter CreationThroughLeptogenesis?



Neutrino-Factory



Summary
CP violation:
! Necessary ingredientfor baryogenesis.
! Observedfor the �rst time 1964in the Kaonsystem(� = 2� 10� 3)
! In contrast: P andC are maximallyviolated

Kaonphysicsoverlast � 40 years, impressiveprecisionreached
! Direct CP Violationestablishedrecently(� 0= 5 � 10� 6)

Incorporated in Standard Model (complexphasein CKM matrix)
! Predictionsfor CP violationin the B-System!
! Since1999: B-Factories: Test of Standard Model

Time-dependentmeasurementof sin(2� ):
! �ts perfectlywith Standard Model expectations
Future B-factoriesand � -factories:
! Much deeper insightsinto origin and implicationsof CP-Violation

! Cosmology
! Physicsbeyond the Standard Model


