Standard Model: Flavor mixing and CP violation

Flavor Mixing and CP Violation
1. CKM Matrix

2. Mixing of neutral mesons
3. CP violation
4. Precision Study of B mesons at LHC
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Standard Model: Flavor mixing and CP violation

Number of
independent
parameters:

1.1 Parameters of CKM matrix

18 parameter (9 complex elements)
-5 relative quark phases (unobservable)

-9 unitarity conditions

v

=4 independent parameters: 3 angles + 1 phase
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Standard Model: Flavor mixing and CP violation

2. Mixing of neutral mesons

The quark mixing results into several interesting “loop” effects:
Standard Model predicts oscillations of neutral mesons

B < B
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discovery of mixing 1960 2007 1987 2006

Neutral mesons:  |P®): K°=|ds) D°=|uc) Bf=|db) BY=|sb)

2.1 Mixing phenomenology

BU
Consider time dependent Schrodinger eq. for 2 component wave function [ ]

B® )
i P
0 0 ' 0 My =T M =T (o
i;[Boj = H[BoJ :(M—IZF][BOJ = |2 |2 [BOJ
B B B my, _Enz my, _Erzz B

Dispersive & absorptive

As the matrix H is not diagonal B? and BO are not mass eigenstates
(defined as state in which to particle propagates in time).

Diagonalizing H of finds the mass eigenstates
‘BL> = p‘BO>+q

‘BH>= p‘BO>_q

§> withm, T pf +[of =1

complex coefficients

§> withm, T},

Free particle
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wave function ‘BH,L(t)>Z‘&{,L(O»-e"mmt.e 2"
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Standard Model: Flavor mixing and CP violation

Time development of B? and B?

Time development of the flavor eigenstates given by the linear combination B, /B,
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Standard Model: Flavor mixing and CP violation

for B9 mixing

2.2 Standard Model prediction

Mixing mechanisms:

Mixing through decay:
BO

song distant, on-shell states”

~ 0 for B

Al
=>y=— lissmall= o
r ~0(0.1) for B,

For B mesons there are many possible hadronic decays — T is large in

addition decays like B—»nn are suppressed
= don't expect mixing via decay

BO
— large AI'

* Mixing through oscillation — large Am
—P—GFN\M/NP'—’_—
BO d b E 0 _0
d ucty 4ct By By By
D—<—dw\/wwu——<—d
« Standard Model result — Significant contribution only from top loop
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Am ~m; Mbvts| ~m¢ -O(4%)

2
Am ~ mtzr\/tbvtd| ~ mt2 -O(2°)

Am~1/A2 Amy — B, osc. is about 35 times faster than B, osc.

Large Amg 4
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Standard Model: Flavor mixing and CP violation

2.3 Discovery of B? mixing ARGUS 1987

First e*e- B factory at DESY:

} &(BB) ~ 1nb

at +/s =10.58 GeV :
e‘e” > Y(4S) > B°B°

Unmixed: B°B? — ¢t¢~

Mixed: B°B® — ¢t¢*
—0=0 __+ Same
B'B” = (70| charge

Experimental Status of B meson mixing
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Standard Model: Flavor mixing and CP violation

CDF Run Il Preliminary L =1.0b" Observation:

2- Spring 2006
[ 5o Messung

P /4: &

of — cosine with A=1.28 .

Cooaa Lo b e b Loy a by [
0 005 0.1 0.15 0.2 0.25 0.3 0.35
t[ps]

Fitted Amplitude

Am, =17.77 £0.10(stat.) £ 0.07 (syst.) ps™' = 26
T

(CDF Collaboration, September 2006) 35 times faster
than B9
3. CP Violation
T S>TV, ‘
forbidden
B P
R o U R S
g
T C | I C
P
forbidden ‘ allowed
» C and P violated in weak decays
» CP conserved in weak interaction ? — No !
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Standard Model: Flavor mixing and CP violation

3.1 Discovery of CP Violation in Kaon Decays

Observation of two neutral kaons K, (long) and K (short) with different lifetimes:

(K%)= (51.7+0.4)ns >> 7(KJ)=(0.089+0.001)ns K®=|ds)
KE—)37T Kg—)2ﬂ' K0:|JS>
CP=-1 CP=+1

Interpretation:  (neglecting possible CP violation)

k) =lKa)=(K9) ) | eRa) =K "“CPK>Kt>
[Ks)=" K1>"E%(\K°>+ K)) | crlk) =K, cPlk?) =)

| Large differences between lifetimes i

Am=(0.5303+0.0009-10"4s™" AP = _11.18210%s""
=(3.49+0.006)-10 "> MeV

If no CPV:
:iﬂK°>—‘@>) CP Christenson, Cronin, Fitch, Turlay, 1964

Ik

should always decay into

CP(|3n>)=
and never int P(|2n>)=

Explanation:
CP=-1 CP=H

Ke) = (K,) - k)
Al

Not a CP eigenstate: CP violation !
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Standard Model: Flavor mixing and CP violation

After 35 years of kaon physics:

1

7K2+5K1) 5 = :
WQ >l> 0k |

‘KL>:

!

6‘ -
T 0% .."- K°
(mixing) g T
7 F 5
(Direct CPV) wilE 0 u
F KT
|e| = (2.284+£0.014)-10°° w02 Py 4
g *ﬂ.ﬁrﬁ‘ﬂﬁ:}
Re(¢'/s) = (1.67+0.26)-10° ST L

decay cigentime At/ 7(K,)

The measured CP violation in the kaon system is small — theoretical interpretation is
quiet difficult !

In the B meson system effects are much larger, easier to understand and they can be
calculated in the Standard Model. CPV in the B system was observed in 2000.

3.2 CP Violation in Standard Model: complex CKM elements

dr v, ut Ch A ut

I J I J

| cp |

)

L
; * L
uJ Vji di
CP (T)violaton < V. # V. T :
ji ji )
i.e. Complex elements

Remark: For 2 quark generations the mixing is described by the real 2x2
Cabbibo matrix — no CP violation !l. To explain CPV in the SM
Kobayashi and Maskawa have predicted a third quark generation.

Moreover, as can be shown, CPV requires that all u-type and all d-
type quarks have different masses.
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Standard Model: Flavor mixing and CP violation

Unitarity Triangle

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

Im

ViV

area = J/2

VUd\ Vus (\/ub‘ \/udV
V = Vcd Vcs Vcb

Vu) Vi (Vo — ViV

VidVio +VeaVep +VigVy, =0
Important for B; and B decays

Real “triangles” only in case of CP
violation: Tip / triangle area defines
amount/strength of CPV!

VuquTo +Vcdvc1 +thVt; = O
V.V, +V.V,. +V,V, =0

ts " us

Strength of CPV characterized by Jarlskog invariant (area) = Im (Vij Vi ViI*Vk*j)
nsM: 3 =MV, V,VoVe ] = Al - 2/2)+0(2°) ~ 10

Rescaled unitarity condition V,,V,, +V. Vg, +VV,, =0

Vud Vus |Vub|e_i7
Im Ved Ves Veb
|th|e“ﬂ Vis Vio

ViVio

0 p 1 Re

i ) VU VU*
a=argl— —thv“j’ f=arg _V_Cdvc* Y= argli M}
Vuqub \/td\/tb VCdVCb
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Standard Model: Flavor mixing and CP violation

3.3 Observation of CP Violation - Phase measurement
— Interference experiment
Bf 1 IBof
|
L Ay _
B > f ! B > f
|
|
|
1
|
- . | - .
A, e|*re'? ! A, e el
CP
Weak and CP invariant __ ,
|A|2 :A12 n A22 phase difference ‘ ‘ A1 + A2
+2AA, COS(¢ep + ) +2A1A, COS(¢p — J)
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 _
—>— a1, T o |—.:f * |F.:f
AB—f)=|Ale” e’ P(B —>f)=P(B—f)
b) CP violation in mixing
Mg f

I SHE T S
B® B? B°B°

P(B® - B%) = P(B? — B°)
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Standard Model: Flavor mixing and CP violation

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!

ad a) Direct CP violation (B system)

A2 ei¢cpei5

Strong phase difference

CP Asymmetrie Wz ~|A" = 4A|A,|singsinS
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Standard Model: Flavor mixing and CP violation

N(B°/B°® - K*z")=1606+ 51

_NB® ->K'z)-NB’ -»K7z")
N(B° »>K'z7)+NB® »K7")

Aep

Acp =-0.133+£0.030+0.009
420

Asymmetry Events / 2.5 MeV/c’
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52 522 524 526 528 53
My, [GeV/c?]

PRL93(2004) 131801.

b) CP (T) violation in mixing

*

T violation
—
‘% 1 P(B° —B%)=P({E’ B

6.

%)
%‘*QQ
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Standard Model: Flavor mixing a

nd CP violation

c) CP violation in interferenc

e between mixing and decay

B® > J/wK, BY 5 J/yK,
— Nep=-1
A A
BC "Iy K, B’ JIyK,

A
8

B® - J/yK, ) = A(f, (1) + Acpf_ (1)

\EO N /1//KS> - K(ﬁ(th%f_(t)

=)

|

(_%
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T |Q
> | >

SM prediction of Ap for BO—J/yK —

A~ |

— 5 0o ®

5 29 5 (16 B -,‘ffcay g AL S -
Whe—"7% ;
d—e—e—b d d d—e—e—s %
a/p AoCVcch: qq / Pe é

)

Vcsvc*d _ _Vt;th Voo, -2iB

ﬂCP — ﬂ i _\/tl;\/td Vcbvc*s
pA iVia VooV

Ccs

— cbYcd &
VeVl thth Vcbvcd

cs¥ed

N

Vi z[\/xd|e7iﬂ =

[ice| =1

Beside V4 all other CKM elements are real

no direct CPV, no CPV in mixing

Im(4cp ) = Sin(2B)
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Standard Model: Flavor mixing and CP violation

Calculation of the time-dependent CP asymmetry

0

7‘At‘/180 2 _ 2
r(e »fcn(t)ochﬂcpz)x[”j@ (i, Jsinfam,t) Ve coS(Amdt)}

+

_ atliz 2 . 2
1"(B°—>fc,3)(t)oc(1e+/1 2)x[1+2cp +Im(ﬂpc,,)sin(Amdt)—1 lgcpl cos(Amdt)]
cp

: F(§O Olnd F(Eo(t) 2 lee) _ [S; sin(Am,t)-C, cos(am,t)
LB (t) >fe)+ (B (t) >fe) ——

Time resolved

negligible

2
S = 2Imﬂ’CP T = 1_|ﬂ'C|:’|
f _—2 f = 2
/ 1+ Acs| 1+ Acp|

Interference \ T : : .

ndicates direct CP violation
= sin2p for BO-sJyK o ! viot

if |q/pl=1

To measure CP violation in B, system:
* Need many B (several 100 x 109)

* Need to know the flavor of the B at t=0

* Need to reconstruct the decay length to measure t
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Standard Model: Flavor mixing and CP violation

3.4 Measurement of sin23: Asymmetric e* e-B factory

= _4B=BUB*
Ecys = 10.58 GeV
e+
b

Y(4S) resonance decays
entirely to B pairs

B=B%/B-
Symmetric:
_53GeV  53GeV

< e B mesons decay at rest
— decay length z~0

. ,é, decay length

__________ > Zz250],l,m
Boost = 0.56 ) —

Asymmetric:

_ 9GeV  3.1GeV .
e > — g

Measurement of sin2p: Golden decay channel

Ber  BYAY)
Ly(28) Kq
L, wu b ot
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Standard Model: Flavor mixing and CP violation

Measurement of sin2p: Golden decay channel

Acp (t) = sin2B sin(Amt)

Events /(0.4 ps)

Raw asymmelry

)
tn

PRL 94, 161803.

200

=

=
T b‘ T

BABAR

{
I-_ -B’ tags

B’ tags

il —+
+
i :«H—-Zm
5 0 5
Al[ps]

sin2f = 0.722+£0.040+0.023

3.5 Experimental status of the Unitarity Triangle

05—
0.4

03

0.2

0.1

| T

s =

N\

Ii‘llllllbh

Standard Model CKM mechanism confirmed

1. Large CP Violation in B decays

2. Large direct CP violation observed

3. CPV parameter related to magnitude of non-CP observables
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Standard Model: Flavor mixing and CP violation

4. Precision study of B mesons at LHCD

At LHC there are about 102 BB pairs produced per year
— study of very rare B decays (branching ratios ~ 109) possible.

B, W B, CP Violation in Bi—J/y¢
—— = Mixing phase ¢, = -2

—v/ D°
CP Violation in B*—DK*

K- = CKM angle y (tree) >
. .,.;;;}-... \ _____ <Ill /Ll
——— o FCNC penguin B — K* u u
BO KO* L
= u p angular distribution
.......... o FCNCB,—> ppu
5 | L = branching ratio j

New particles can appear as virtual particles in the

loop corrections and can lead to additional quantum

corrections which modify the observables.
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