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CP-Violation

Violation of Particle Anti-particle Symmetry
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Recap:CP Violationin K °-System

Assaiated production of strangenespairsss in strangenessonservingtrong
Interactions

Decy via strangenessiolatingchagedweakinteractione.g. K°! 2 3 .
KO(= ds) and?o(: ds) canboth decy into 2 (CP=+1) or 3 (CP= 1)

K° andK " canalsooscillateinto eachother (via their common nal states)

( , )
0 —0
K" $ 3 $ K

ConstructCP-Eigenstatesf neutralKaons:
CP-Eigenstate Decy Symmetry  Lifetime[s]
jKOi=sk jKOG+jKi ! 2 CP=+1 ;=09 101
jKi=»sk jKOG jKI ! 3 CP=1 ,=05 107



RecapKaondecgsin the CP-mirro

+

CP-Violation: Di erent ratesfor K° andK ° !

/ K \ Possiblesources:

1) AP In mixingfrom CPT
K p ) g T

S KOl KO8 K ! K
\ _O / 2) QP in mixingfrom T

KO K°s K?1 KO

CP Mirror 3) Direct P in decy
KO o+t gKO1t

4) AP in interference
/ K \%LA betweenmixing and decy
+ . , K°I * 8K’1 *

p p (InterferencebetweenCP-violatingphases

K \ / of di erent mixing and decg channels)



Recap:Discoveryf CP-Violation
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ChristensonCronin, Fitch, Turlay (Phys.Rev.Lett.13, 138-140,1964)

CP-Violationin K °-mixing: BR(K,! * )=2 10 3!



Kaons

The CP-Eigenstate& Y (CP=+1) andK?S (CP= 1)
are modifed by -admixturesto form the physicalshat-lived and
long-livedstatesK 2 and K

_ 1
iK% = piK % + giKi= B iK% K9]
JK s PJ g H1+jj2(Jl JK 1)
_ 1
iK% = piK% oK'i = p iK O + iK Oj
JNL PJ g H1+jj2(11 JK 1)
0 0
Ks KL PDG 2002:
69% * 21% 30
310 00 | 130 *+ O = (2:282 0:.017) 10°
2704 Mo o = (0:5303 0:0009) 10'hs *
39% e . = (327 012) 10°
0.2% * = (1:8 04) 10°
0.1% 00




B-Mesons

Name| content chage mass[MeV/c?]
K* us +1 494
K su -1 494
KO ds 0 498
K° | sd 0 498
B* ub +1 5279
B u -1 5279
BO db 0 5279
B | d 0 5279

B-Mesons:mass 10timeslarger! lifetime shater
ke 9 10%s; x, 52 108 g0 1.6 10 %;



B °-Mixing

Analogougo K %-system:B°$ B via box-diagramwith W -bosons:

B U, C;t _ _ W _

b ! ! d b - d
B wi W jB% jB%  uct GGt B

d Ut P | W "

The physicalstatesare B ;q,,, and By,

B% = pB®+ gB" K2%= pKO+ gk

BY=pB® @B K= pK%+ gk
Samelifetimesdueto large phasespace( 6 K2! 2 ,K?! 3)
Massdi erence mgo = (0:489 0:008) ps 11 Oscillations
If p6 q! CP Violation (in B%-mixing)



BO- mlxmg Flrst Observatlorat Argus DESY 1987

Fig" '1’1 The fuiiy recans&mcteé
ARGUS event [26] S
ete™ = T(45) — B{*B — B°B°
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B decgsin the CP mirra

CP Violation: Di erent ratesfor B® andB"! FEinalstatef

/B\

CP Mirror

B\
o/

Possiblesources:
1) QP from CPT
. B! B°gB°! B’
2) QP In mixing
. B° B°6B°! BO
3) Direct QP In decay
, B9l f 8 B! T
4) AP in mterferencebetweendecqzs

with and without mixing
at time t

, B%t=0) ! f&6
at time t

B(t=0) |



CP Violationat the B-Factaies

CP Violationin the interferencébetweendecgs with and without mixing
The "goldenmode" (experimentallyand theaetically most simple):

o [d dy o, =0 fd - dY

{5 I T
C c
— J/
S e

—0 : :
Both BY andB ~ decy into the sameCP-eigenstat§CP= 1)
Phaseconventionusedin B-Factory experimentsCP (K ) = 1

BJ=0)! KJCP= 1,J=0)J=(CP= 1J=1) ) "=1
) CP(KQJ=) = ( 1) CP(K) CP(E=)=( ( 1)( = 1

Time-degndentasymmetry:

A (B (t)! J= K9 (Bot)! J= KQ)
(BY(t)! J= KY+ (Bt)! J= KY)
Measuremenof B -productionand B -decy timesrequired

sin(2 ) sin( mgo 1)



CKM Matrix

Threegeneration®f quak-dubletts:

(3) (3)

charm top

(3) (3

strange bottom

Cabibln-Kobaashi-Maskwa-Matrix Vek wm -

0 1 0 1 O 1
ud Vus Vub
%} s? g %} Ved Ves Veb g % g
o Vid Vis Vi b

WeakEigenstatess CKM  Flavour-Eigenstates



Quak FlavourMixing

Example:Compae ! — andK |

N V
ﬂ

i Oud = Vud Ow = Vus Ow

-

d u

Mixing betweend and s quaks:

d® = dcosc+ ssinc

s = dsinc+ scosc
(K ! ) g\%,sinzc Sir12C
( ~) gy cogc cogc

sin ¢ = 0:220 0:003
c = 127 02

Note: Here"Mixing" meanssuperposition of Flavour-Eigenstate$o
form Eigenstatesof chagedweak interactions



CKM Matrix

Matrix elementgdeterminedrom Experiments.

0 1 0 1
Vekm = @ Vog Vee Vep X = @ 0:222 0:974 0:040 X
Via Vis Vib 0:009 0:039 0:999

Vyis' SInh ¢ = 0:22
Somefeatures(experiment):

CKM almostdiagonal:transitionsbetweengenerationsuppessed
3rd generatiomlmostdecoupledr-lifetime larger than c-lifetime

Someconstraints(theary):

Unitarity: no sourcesor drainsof paticles, exactly6 quaks
4 paametersfree: 3 realanglesand 1 complexphase



CP-Violationn CKM Matrix

Wolfensteinparametrisation:
Matrix-Elementxpgesseds function of four free parameters

A; ; ; andexpandedn ordersof = |V 4 = 0:22
0 , 1
1 < A3 i)
VCKM:%D 1 A ? £+O(4)
A 31 i) A ? 1

Complexelementsvyy andV,, allow for CP violation

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



CP-Violatiorfrom complexXCKM-Elements

Mixing Box-diagrams:

_ U, Gt Vg _ _ W Vi
b B d b
iB% w ‘W jBY jB% uct i
d | | b d o
th U,C,t th W

Complexmatrix elementVyy = jVigje ' contributesdominantlyto
mixing amplitudewith phase? .

Large CP Violation expectedin 3rd generationB -mesons.

N (B()! J= KQ (B! J= KQ
(B(t)! J= K+ (BO)! J= KQ)

sin(2 ) sin( Mgo t)



Unitaity Triangle

Quak-Flavour-Mixingamong3 generation®nly: Vck v IS unitary
Unitarity: No sourcesor drains,i.e. no other paticles participating

Unitarity : V V= 3 ) Vikaj = j
Egfori=3,]=1: V, Vug+ Vo Veqt ViuVig = 0

Trianglein the complex - plane:

hi

3 3
VA | V. /Al

0 1 T

Note: For 4 quark generationd Unitarity Quadrangle



Constraint®n and

Predictionof CP violationfor B-Mesondrom previousmeasurements:

10
T

0.8
0.6

0.4

0.2F

ckmLfit-0208-3

ok .
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 ‘5 1

Measuremenbof CP Violationin B-System)
Test of Unitarity of Vekm )
Testof Standad Model



Predictiorfor CP Violationat the B-Factaies

=1
|

oha ;_; .................... ............... Fit With IVUbllI |
= IV,4l, and n,._ |
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0.4

0.2 F

o

_N(B"—>J/YK()-N(B" > J /YK

47 N(B* > J/¥ K )+ N(B* > J/¥ K

=sm2/f-sin [Am(BU ) Ar]

where At is the time between B9(B°) production and decay.



o (e ¢ — Hadrons)nb

B-Factaies:ete | (4 S)! BOB"

m((4 S)) = 1058GeV,BR((4 S)! B°B") 50%
ReconstruconeB with decy into CP EigenstateB ! J= Kg

ldentify ("tag") type of otherB e.g.,by leptonchage
Feature: The two B developcoherentlyopposite avours until decy

Measuretime di erencebetweenB decys( z) t)
Sepaation of Vertices! "Asymmetric" B -Factaies




B-Factay at SLAC, USA

Experiment:

«— BABAR
<« SLD
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B-Factay at KEK, Japan

Belle Experiment

KEKB

asymmetric e"e collider

*Two separate rings

*Ey ¢ 10.58 GeV at Y'(45)
*L.uminosity

1034 */s

‘target:




Daily and Integrated Luminosity,
October 1999 to February 2003

2003/02/10 004

300 105 | )

- "% | BABAR /gi%
240 gg | /4 i
g0 | PEP-ll Delivered 106.08/f % }j
210 —~7 | BABAR Recorded 100.90/fb /
S50 BABAR off-peak 9.93/fb /|
180 | /

e
(==

Daily Recorded Luminosity (pb™)
o
=

w0
o

[s2]
(=

(5]
o

UsedO(108) BOB" pairsfor CP Violation measurements
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Taggingof B -Flavour

Eind out whetherB® or B

e
A
ef,Jf B
Lepton Tag:
L dy -
it =} D
wh o

"

Positively chaged lepton from B :

-0 rd d +
B
{b - C}D

Negativelychaged lepton from B :






Finite Detecto Resolution

The realdistributionis modi ed dueto nite detecta resolutions
fraction of eventswith mistaggedB - avours
nite vertexing,.e.time resolution
Dilution D, p=probabilily of right tag
Ameasured= D Atheay with D 2p 1



Results

Usingall tag channels:

(B( ty! f) (B°( t)! f)
(B% t)! f)+ (BO t)! f)

A( t)=D

= Dsin(2 )sin( m t)

Amplitudeof Oscillation sin(2 )
Frequencyof Oscillation m

sin(2 ) = 0:741 0:.067 0:033
m =322 10 “%eV



All Resultdor sin2



Resultsan - Plane

Result ts perfectlywith Standaid Model
(CKM relationswith ;. (K°), mgo, jVup=Veyj)

CP Violationis con rmed to haveits origin in the mixing of 6 quarks



CKM Wolfenstein-Rrameters:
A=082 003 =0223 0002 =020 010 =036 006



Prosgects

Further improve precisionof sin(2 )

Measureangle (B! hh, rst hintsat 2 level)
Seach for CP-Violationin other B decy modes
Precisionmeasurementsf other CKM Matrix-Elements
Seach for rare B-decys

Upgradedor evenhigherLuminosiy (planningphase)



Next Generatiofxperiments

10 B peryea: O(10%) mare than B-Factaies



Dispovethe Standad Model!



CP Violationin the Lepton-Secta?

Evidencdor neutrino-oscillations (cf. Lecturesby A.Geiser)
) Neutrinomixing matrix (MNS)

0 1 O 1 O 1
Uet U Ugs

B R-=Bu,u,U.8 B, g
U, U, Ugj 3

A complexphase cp couldbe respnsiblefor leptogenesis

) Leptogenesisouldfeedvia conserved-L into baryon numler
violation

Hope to observeCP-Violationin the neutrino-secto
) Longterm programof neutrinophysics



Matter CreationThroughLeptogenesis?



Neutrino-Rctay



Summay

CP violation:

l Necessy ingredientfor baryogenesis.

I Observedor the rst time 1964in the Kaonsystem( = 2 10 9)
I In contrast: P and C are maximallyviolated

Kaonphysicsoverlast 40 yeas, impressiveprecisionreached
| Direct CP Violation establishedecently( °= 5 10 )

Incaporatedin Standad Model (complexphasein CKM matrix)
I Predictionsfor CP violationin the B -System!
- Sincel999: B-Factaies: Testof Standad Model

Time-de@ndentmeasurementdf sin(2 ):

| ts perfectlywith Standad Model expectations

Future B -factaiesand -factaries:

' Much deer insightsinto origin and implicationsof CP-Violation
I Cosmology
I Physicsbeyond the Standad Model




