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3. CP violation in the KO and B system
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» C and P violated in weak decays

¢ CP conserved in weak interaction ? — No'!

3.1 Observation of CP violation (CPV) in K decays

@>) cP Christenson, Cronin, Fitch, Turlay, 1964
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should always decay into iz
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Not a CP eigenstate: CP violation !
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After 35 years of kaon physics:
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V¥4 w4k ..k =0
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(mixing) : -"::-_
(Direct CPV) .l D..:::"‘
F K7 %
|| = (2.284£0.014)-107 ol e, -
£ 4, i
Re(¢'/¢) = (1.67+0.26)-10 ; ’f'q’f* ﬂ'ﬁ
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decay cigeotime At/T(Ks)

Interpretation of CPV measured in the kaon
system is difficult. Much easier to understand
and to predict in the SM is the B meson
system:

CPV in the B system was observed in 2000.

3.2 CP Violation in the Standard Modell

iy see Wolfenstein
V, = l\/ub|e «—— parametrization

d' Vud Vus Vub dy Phase angle=0:

. complex CKM
Quarks S |=| Ved VCS VCb S matrix

b’ th V'[S V'[b b 1

Different mixing
for quarks and
anti-quarks

1

Origin of
CP Violation
(CPV)

J

Strength of CPV: Characterized by Jarlskog invariant: J=1Im (V,, Vk| V“*Vk;) #0

NS J=ImV,V,VaVo = A2l - £ 2)+ 0(4%) ~ 107
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3.3 Unitarity Triangle

Unitary CKM matrix: VVT =1  — 6 “triangle” relations:

VUd ) Vus (\/ub‘ \/td\/t:)

V = Vcd Vcs Vcb \/Udv
Vi ) Vis (Vi

area = J/2

Voo

ViaVip +VegVe, +ViaVy, =0
ViVio TVeaVer +ViaVyp =0
thvu’; RVAVA _'_thvu*b -0 Important for B, and B decays

ts " us

Remaining 4 relations lead to degenerated triangles: same area (J/2) but very
different sides.

Rescaled Unitarity Triangle \, ' .y v' .y v’ =0
ud “ ub cd " ch td " th

U. Uwer
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3.4 Observation of CP Violation

Bf L 1 IBof

- A _
B ~-f ' B > f

A2 e'¢cpei5 ! A2 e—i¢cpei5
CP
Weak and CP invariant __ ,
|A|2 :A12 n A22 phase difference ‘ ‘ A1 + A2
+2AA, cos(gp + 6) +2AA,; cos(gep — 5)

Need two phase differences between A, and A,: Weak difference which changes
sign under CP and another phase difference (strong) which is unchanged.

“3 Ways” of CP violation in meson decays

a) Direct CP violation A
—{ =1
B weak, strong Kf _
> - |—.:f - |—.:BO f
AB—f)=|Ale” e’ P(B —>f)=P(B—f)
b) CP violation in mixing
q ap  f plq f
|21 - |-=eZ| | =eZ|
p B B° BoR’

P(B® - B%) = P(B? — B°)
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c) CP violation through interference of mixed and
unmixed amplitudes

> f
T(BL — f)(t) = T(BZ — f)(t)

Asymmetrie modulated by ~ sin Amt

Combinations of the 3 ways are possible!

a) Direct CP violation (B system)

A, et gid

Strong phase difference

CP Asymmetrie Wz ~|A" = 4A|A,|singsinS
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) _ _ = 400 .

N(B°/B°® - K*z")=1606+ 51 <
2200 .

_ 2

Ao = NB° ->K'z)-N(B’ -K7") Z
PUNB® 5K 7 )+NB® > K 7) % 0.1 .

Q

Agp = -0.133£0.030+0.009 =0

4.2¢ 4 -0.1F + |

52 522 524 526 528 53
My, [GeV/c?]

PRL93(2004) 131801.

b) CP (T) violation in mixing

T violation
+—>
q _ -
‘5 =1 PB° > B%=P([B° - B%)
&> q 1-¢ Reminder:
Mm=—= 1
p 1+e Ke) = ——=(Ky)+2cK))
1+ e
B0 0\t _ P(RO s BO 1- 4
A= P 2 BYO-PE 5B _ |q/|0|4 JAREE 4Ree
P(B° > B%)(t)+P(B° > B)t) 1+[g/pf' 1+|¢
Measured using semileptonic decays B s X/t
3 BO BO B® > X"V
AL(t)= [(B%-0 — X0*v)(t) - T(B%-0 — X ¥)(t)

[(B%-0 = X' v)(t)+ [(B%0 — X ¥)(t)
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B BO System: KO KO System:

KO
HFAG 2004 (K _)/;%)_r( 0 ety
A, =—0.0026 +0.0067 poo(t) = Lo 2e v ) "I, e 7 ve)

[(Kio —>e'77v,)~T(K% —>e7'v,)
g ~1.0013+0.0034

4Re gz =-0.0007+£0.0017

CPLEAR
]
4Re(5)=(6.2£1.7)-10°
Standard model prediction for B ot | PR * . ? eoeo o ®
2 :-. °-® L

‘g

1~ 4n%sinp’ ~5x107

N [

c) CP violation in interference between mixing and decay

B > J/yK, :'ICP> B? 5 J/wK,

. Nep=1
A A
3 "3/ yK, B -3 1y K,

@ A ei/r/2 @ A ei”/z

r(B° > J/yK)(t) F£ I(B° - J/wK,)(t)

> | >

Important variable: ﬂcp

9g.
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SM prediction of A.p for BL@ e = 1

_ KO mixing -

S—e—e—d

- B%mixing - - B decay
b —e—s— b *.
| WHe_
d—i—i—b ||g
a’/p AOCVcchZ Ui / Pe
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ACP — ﬂ i Vl;\/td Vcbvc*s Vcsvctj \/t;\/td V. bV’;j

- _ cbVe :@—Ziﬂ

i
p A :Q/tbvtd Vcbvcs Vcsvcd thth Vcbvcd

~
Beside V4 all other CKM elements are real

o nld Ol

d—e—e

S

Same for all ccK® channels

-ip VCP‘ =1 . Lo
V., = e = . no direct CPV, no CPV in mixing
o Ml Im(igp) = Sin(2B)

Calculation of the time-dependent CP asymmetry
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cos(Am,t )}
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+Im( F,)s,in(Amdt)—1_1;°P

I'B" —>f,)(t)c ( 5

X
1+ ]2 [ )

: F(Bj?(t) 2 fee) = F(E:(t) o) [S; sin(Am,t)-C, cos(am,t)]
LB (t) > fee )+ T(B (1) > Tfsp)

cos(Am,t )}

Time resolved |2

o _2mi, 1- | Ace

/ Tl L 1l
Interference \

indicates direct CP violation
= sin2p for B®—JhyKg if |o/p|1
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Measurement of sin2p3: Asymmetric e* e- B factory

B=BY/B+

Symmetrisch:

_53GeV  53Gev

<

B Mesonen in Ruhe
— Zerfallslange z~0

Asymmetrisch:

9GeV 3.1GeVeJr ________ yé, Zerfallslange

e > — @ @ -l > z~250um

Boost p = 0.56

Measurement of sin23: Coherent oszillation

b
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Events /(0.4 ps )

Raw asymmelry

Acp (t) = sin2B sin(Amt)

Measurement of sin2p: Golden decay channel

PRL 94, 161803. 227 Mio BB

{

moL B tags BABAR
B’ tags

0.5 1 —i—

-0.5 —

5
At[ps]

sin2f = 0.722+£0.040+0.023

3.5 Experimental status of the Unitarity Triangle
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T list

Standard Model CKM mechanism confirmed

1. Large CP Violation in B decays

A triple triumph

2. Large direct CP violation observed

3. CPV parameter related to magnitude of non-CP observables

10
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3.6 Baryon asymmetry in the universe

Does the Standard Model explain the baryon symmetry in universe?

Andrei D. Sakharov, 1967
* Baryon number violation No
¢ Cand CP Violation NO

» Departure from thermal equilibrium

» CPviolation in quark sector is a factor ~101° to small.

« forM > 114 GeV: Symmetry breaking = 2nd order phase transition

Higgs

Attractive: Super-symmetric extensions of Standard Model
+ Additional CP violation through supersymmetric particles

» Extended Higgs-sector — strong phase transition

Alternative: Lepto-genesis
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