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IX. Flavor oscillation and CP violation

1. Quark mixing and the CKM matrix

CP violation

> W N

Neutrino oscillations

Flavor oscillations: Mixing of neutral mesons

1. Quark mixing and CKM matrix

1.1 Quark mixing:

!
Mass eigenstates are not equal V“d VUS V“b
to the weak eigenstates: s'"|=|V, V. V
. . cd cs cb
Quark-mixing described by ,
unitary CKM matrix, b th Vts th
VCKM
For weak charged current one obtains:
d
cc S,
J, < uct)y, (1-75) Voum | S b
b Vcb
. . + —_— + —_—
Vekm IS unitary: VermVerm =VerVoru =1
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1.2 Cabbibo-Kobayashi-Maskawa matrix

18 parameter (9 complex elements)

Number of
independent -5 relative quark phases (unobservable)
parameters: -9 unitarity conditions

=4 independent parameters: 3 angles + 1 phase

dy (1 0 0 ¢, O s.e™”)c, s, O
S'"|=]0 Cy S, 0 1 0 -S, Cy, O
b') |0 —s,; Cu)l-5,.€° 0 cy 0 0 1)b

PDG parametrization —is
C1ZC13 S12C13 S13e

i i5
3 Euler angles — S50y — (312323313(:"I C12Cp3 — S12323S13e| S23C1a
i i
S12S23 = C13C23S13€ —C12S53 —54,C23513€ C53Cy3

1 Phase

where ¢, =cosf;, s; =sing,

Unobservable Phases

Phases of left-handed fields in Jc¢ are unobservable: possible redefinition

u —»>eu ¢ >e%  t e
d, >ed s >eds b — e

Real numbers

Under phase transformation:

e W 0 0 V(Vy Ve V,)e" 0 0
V| 0 e 0 ||V, Vo Vyl| 0 e’ 0
0 0 e“\Vy Vs Vp) O 0 e¥®

5 unobservable

Vaj — expli(4(]) - @)V phase differences !
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2 A p, 1

—iy
12 Vub 3: |\/ub €
1- Y A Al (p—in)
2{2
Ve = — -5 AL +o(z“)
AX(1-p—in) —AX 1
-ip
Vi = [th | e

Magnitude of the CKM elements: |V
=0 ga+0.00024 a9=0+0.0010 . —+0.09 13
0.97 '3&318'88?33 0.227 213'33534 (3.96 fdn?o} % 10 3
0.227119-0010 0.0720610:00024 (42 21+0:10y 10~

(8147923 x 1072  (41.617012) x 1073 0.99910070-900032

Complex CKM elements and CP violation

dr V. ut df \VA TH

I J I

| cp |

<

L
U,

d-L

VA
T |
)
CP (T) violation < \/ji # VJ.;“

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.
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2. Flavor oscillation: Mixing of neutral mesons

Neutral mesons: |P°>: KO :|d§> DO :|Uc> BY :|d6> BY :|36>

P): K°=|ds) D°-[uc) Bf-|db) BL~|sb)
discovery 1960 2007 1987 2006

Standard Model predicts oscillations of neutral mesons:

B < B
b w d b u,c,t d
B u,c,{ uct B® |- B w w B
d w b d uct b
Transition can be described by matrix element: <Bf,J HW|B§>

2.1 Phenomenological description of mixing

Schrddinger equation for unstable meson:

1
—imt 75“

Wv)=[ws) €

For neutral mesons (K’,K°),(D°,D

ig P° —H P° _ Hyy Hy)(P°
dt(P°) (P°) P A

0 —

),(B°,B°),(B.,B.) consider 2
c_:omponents_

| B | -

(M—il"j[Poj— m11’§F11 m12’§r12
2 )\p° [ [

P my, —51"12 My, _Erzz

\<P°‘HW ﬁ>
M and I' hermitian:
H11 = H22 =H o
m21 _m12
CP =H,,=H,, CPT= m,=my,=m Coor
I =L, =T no

PO
[PO

|
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Mass eigenstates (by diagonalizing matrix)

Heavy and light mass eigenstate:

P p’P°> +q §> withm, I,

IPH>= p‘PO>_q

§> withm,, T,

‘pf +‘q‘2 =1 complex coefficients

1
‘PO> ?p(‘PL>+‘PH>) Flavor

eigenstates

P*) =5 0R) 1R

[Pu)=[Pr) and [Py) =[P,)

—| Parameters of the mass states I—

m,, = m*=Re/H,H,,

I, =T+2ImyH;,H,,

Am=m,-m_= 2Re H,,H,,

AT = T, - I, =-4ImH,,H,,

—| Neutral B mesons I—

Am, =0.502+0.007 ps™' (PDG)
Am, =17.8+0.1ps™' (CDF 2006)
AT'/T < 0.07 (90% CL)

AT, /T, =0.09 £ 0.64 (Moriond07)

Time evolution

[Buuot)=by (1) By ) mit by (t)=e

_[BLy+[B.t) _ 1
“//Bo(t)> _T 2p

PE® - Bo,t):ng(t)2

= | b () P[B)+q
[no

Generic particle (before P)

—Ty bt —imy t

)

@>)+bH(t)-(p\B°>—q

Simgt_Tt/2
-[e ™e

n e—im_te—l"l_t/2]
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Mixing of neutral mesons

Time evolution of rates:

PB’—»B’)=P(B" >B’)= 1 [efnt re ™ 42 2 oog Amt]

CPT

P(B° »>B%)=—4
4|p

2
-t Tyt —(r +Ty )t/2
[e e e T cosAmt]

- 2
—h —H - L H /
0 [e Mie™ _2e (“r)‘zcosAmt]

P(B P

—)BO):1
q

Two mixing mechanisms:

A" (Korlzo)v(DO!SO)v
+ Mixing through decays _— y:E:O“) (B°,B°),(B?,BY)

«  Mixing through oscillation ——» x=2M ) | Showdifferent
r oscillation behavior

CP, T- violation in mixing: p(|3° —>E)¢ p(E —>BO):> a =1
Mixing mechanisms: e.g. K°
. L W
K 0 —b——ilmmm\nﬂ"_*—
> 0 d S Ko
K Yuctt K
S d
,Jong distant, on-shell states" —‘_‘WL_‘_

,short distant, virtual states”
For KO important, for BY negligible

AT m» Am

Table 1. Parameters of the four neutral oscillating meson pairs [9].

K0/ 0 HY /o 5/ ;0
- 89.4+0.1; RS E Iy
K [ps] 51700 £ 400  |0418% 003 154840021
b [a=1] 5.61- 107 2.4-10"% [(6.41 +0.16) - 10"
y= 5 —0.9966 y| < 0.06 ly| < 0.01%
|Am [s71] [(5.300 £ 0.012) - 10°| < 710" |(4.89 £ 0.09) - 10"
Am [éV] |(3.49+0.01)-107%| <5.107% | (3.2+0.1)- 104
o= Am 0.945 =+ 0.002 < 0.03 0.76 + 0.02
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2.2 Neutral kaons

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

7(K?)=(51.7+0.4)ns >> 7(KJ)=(0.089+0.001)ns

K —3r
CP=-1

K —2r
CP=+1

K, and K4 can be identified with the mass eigenstates (ignoring CP violation)

[Ke) ="

=55 (1)-1)
K1>"E%UKO>+‘@>j

[Ks) ="

CHK2> :_‘ K2>

CHK,) =+K)

Phase conveition:
crlK?)=[k%)

CP‘@ =[x°)

Large differences between lifetimes |

|
Am=(0.5303+0.0009-10°7s™"  y —AM _94210.007
— (3.49+0.006)- 10" MeV '
~ AL 0.9966
AT =—11.182.10°as™ s
Neutral kaon system
Expectation

V1A Initially pure K° beam
o8 /P(K"»K‘))
04 Measurement

\P(KO )

0 2

P(K® > K% - P(K® - K°)
P(K®—> K% +P(K® - K

asymmetry
o
Q

o
o

K'>e'zv, andK* ey,

g CPLEAR
] . y
LI §
E .
| [t/ I Ll I L
2 4 6 8 10 12 14 16 18 20
T/Ts




Advanced Particle Physics: IX. Flavor Oscillation and CP Violation

KO- KO (strangeness) oscillation in the SM

Long range effects

Short range effects
— )
'

Oscillation frequency Am:
2 2 G? 2,012 2
~_—_F
Z mq ’Vqqud‘ ~ 4 meK me ’vcsvcd‘
q=uct I T
c quark contribution dominant: although mZis very large,

the factor |V, (V42 ~ A% is very small !

G? 2
Am ~—FEm,f
T

2.3 Neutral B Meson

Mixing mechanisms:
* Mixing through decay: many possible hadronic decays — T is large

~ 0
=0for B, = don't expect mixing via decay

~0(0.1) for B?

{

=y :% is small =
— Significant contribution only from top loop

* Mixing through oscillation
—_— FN\M’N — —_— e N
o d b =) o S b Ro
Bd t 4 A t _ Bd BS t 4 7 3 t BS
b d b | P
Am ~ mtzr\/tbvts|2 ~m¢-0(2")

2 2 2 16
Am ~mZNVyV,y | ~mZ-0(2°)
Am~1/22 Amy — By osc. is about 35 times faster than B, osc.

Large Amg !

U. Uwer
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Discovery of B mixing ARGUS 1987

First e*e- B factory at DESY:
at /s =10.58 GeV: o(BE) ~ Tnb
e‘e” - Y(4S) » B°B°

B°B® — /¢ unmixed
B°B® — /¢t
BOBC ¢ [ ™

Mixing of neutral B mesons

. A unmixed — mixed

08 | ~ unmixed + mixed

06 1 P(B° —>B°):%re’“(1+cosAmt)
1

| > 1 1 T
04 _ £
- P(B’ —>B’)=—Te " (1-cosAmt) gost BABAR
24 2 E 06
704 f
: ‘ : : b
159 2 4 68 10 MM
P(B® - B%) - P(B° > B 0 ; i i
- 02 F W
04 F
o 7m/AMy
—

A e [ -
0 2 4 6 8 10 12

P(B® - B°)+ P(B° > B®

5 T S R |at] (ps)
- Am, = 0.506 +0.006 + 0.004 ps™
) 0.774
==
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CDF Run Il Preliminary ~ L=1.01b" Observation:

2- Spring 2006
[ 50 Messung

PR A D0 @

.1:_
| ——data

2_ — cosine with A=1.28 .

0" 0.05 0.1 0.15 0.2 025 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 BO
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