IX. Flavor oscillation and CP violation

1. Quark mixing and the CKM matrix
Flavor oscillations: Mixing of neutral mesons

CP violation

> W N

Neutrino oscillations

1. Quark mixing and CKM matrix

1.1 Quark mixing:

!
Mass eigen-states are not d Vs Vis Vi
equal to the weak eigen-states: s'|=|V V V
L . cd cs cb
Quark-mixing described by ,
unitary CKM matrix, b th Vts th b
VCKM
i
For weak charged current one obtains:
d -
+ — . . — —
JﬂOC (U’C’t)(1_7/5) 7/,u VCKM S b . w
b Vcb
C
. ) N +
Weak states u’ d’ s* are orthogonal: VCKMVCKM :VCKMVCKM =1

Vekw iS unitary.




1.2 Cabbibo-Kobayashi-Maskawa matrix

Number of 18 parameter =9 complex elements

independent -5 relative quark phases (unobservable)

parameters: -9 unitarity conditions

v

=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
' i5

b 0 —S,; Cyu)l—Si,e° 0 cCpy 0 0 1)\b

PDG parametrization —is

C12(:13 S12C13
i i5
3 Euler angles —8,,C0 —C1525515€ C13Cps — $125535;5€

i5 io
1 Phase S13S23 —C43C235,3€ —C1S23 —54,C5353€ C23Ci3

where ¢, =cosf;, s; =sing,

A A p, 1

12 Vub :Nub
1-Z- A Al(p-in)
2

2

Ve = =y 1—;; AX +o(/1“)

AL(1-p—in) -AX 1
Vi =|th|eilﬂ

— hierarchy expressed by orders of A = sinf.~ 0.22

e

Magnitude of the elements:

0.9739 to 0.9751 0.221 to 0.227  0.0029 to 0.0045
0.221 to 0.227  0.9730 to 0.9744 0.039 to 0.044 90% C.L>
0.0048 to 0.014  0.037 to 0.043  0.9990 to 0.9992 o

PDG 2004




Komplex CKM elements and CP violation

d V, ur dr Vv, ur

I J ji

} cp }

<

u d-

L *
i Vji
T |
)
CP (T) violation <> V].i # Vji*

i.e. Complex elements

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

2. Flavor oscillation: Mixing of neutral mesons

Neutral mesons: \P‘)): K®=|us) D°=|uc) Bf}:\db) B°=\sb>

P°): K°=|us) D°=[uc) Bf-|db) B=|sb)

Standard Model predicts oscillations of neutral Mesons:

B < B!
b W d b u,c,t d
RO u,c,t[ uct B® | B w w B
d w b d Tuct b

Transition can be described by matrix element: <E§ Hy ‘ B§>




2.1 Phenomenological description of mixing

Schrodinger equation for unstable meson:

l)=Hv)=(m=4 )

For neutral mesons (KO,KO),(D

CIGAN ARG
dt{ p° P°) \H,

0 <0 0

,D

W EEC

1
—imt 75“

W) =|)-e ™ e

[ o) =[w.)f e

Tt

B"),(B,B.) consider 2 compon.

).(B",

[ S
—i—l" EO _ m11’§r11 m12751"12 EO
2 PO i i PO

rn‘12_§1—‘12 m22 _51—22
\<B°\HN‘@>
M and I' hermitian:
Hy =H, =H .
m,, =m,,
CP =H,,=H,, CPT = m,=m,=m Cor
r11=r22=r 217 112

Mass eigenstates (by diagonalizing matrix)

Heavy and light mass eigenstate:

!PL> = pf P°> +q §> withm, T,

’PH> = p’PO>_q

5> withm, T},

‘p‘z +‘q‘2 =1 complex coefficients

!

3 (P +1RD

%)
Flavor/weak
eigenstates

) 21q<iPL>—1PH>>

Parameters of the mass states I—

my, =m= Re \/H;,H,,

Iy =T F2ImyH,Hy,

Am=my -m_ = 2Re,/H,;,H,,

AT = T, — T, = -4ImH,H,,

und ys%

—| Neutral B mesons I—

Am, =0.502 +0.007 ps”' (PDG)
Am, >14.4ps” (PDG)
AT'/T <0.07 (90% CL)

+0.25

AT, /T, =0.657% +0.01(ICHEP04)

X=—




Time evolution Generic particle (before P)

“Tyt —imyt
e

|Buot) =by ()B,,) mit b, (t)=e

L S EET NN I T
—f 0.8 -9 1) R
=f.(t) ‘B> pf,(t) B> f(t):%_[eimHterHt/zieimLterLt/z]

—£).1BV . P 5 (1).|g°
v (0) =1.0)-[B >+q f(t)[8%)

Mixing of neutral mesons

Time evolution of rates:

—~(r 41y /2

170 - -
PB’—>B’)=P(B" >B ):Z[eereerZe cos Amt
CPT
—  1laf
P(B° »>B%)=—|J [efr“ +e g cosAmt]
4|p
_ 1ol
P(B’ > BO)=4p [efrlt +e M e 2 cosAmt]
q
Two mixing mechanisms: AT (K°,K°),(D°, D),
«  Mixing through decays ~—— Y~ or =00 | (8°B°),(82EY)
. . — _Am show different
Mixing through oscillation —— x = T ~O(1) oscillation behavior
CP, T- violation in mixing: P(B’ _>E)¢ p(E —»B")= 4.4




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 K —2r

CP=-1 CP=+1

K, and Kg can be identified with the mass eigenstates:

" w_ 1 0 ion:
‘KL> = KHeaVy> = \/EQKO> - K0>) CH KHeavy> - _‘ KHeaVY> Phacss E(O);Zel:(tnl;m
Ke) =" Kogn)"= \éQKo> N ‘@>) CARugn) =HKugn)  CHK)=[K?)

Large differences between lifetimes |

|
Am=(0.5303+0.0009-10°zs™" ATm 0,942+ 0.007
=(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(KOHKO)
04 Measurement
N \\\HKW»R% ‘ Ko—»evfmeandﬁﬁ—eeimﬂg

0 2
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CPLEAR
01 |
= ?, y
E LI §
—01 | o
| st I I Ll | L
0 5 10 15 t 2 4 6 8 10 12 14 16 18 y 20
- T/Ts




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 !

2
Am ~ i—; m, f.2

2 3 Neutral B Meson 2 neutral B mesons:
B, =|d b> - oscillations precisely measured

B =[s b> - oscillations not yet observed

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

AT . ~ 0 for B} L
= y=— issmall= , —homixing via decay
2r ~0(0.1) for B,

Mixing through oscillation — Significant contribution only from top loop

_’_‘P[\I\M/V\‘P—’__' _’_‘”,”n”',_’__-

o d b RO o S b RO

Bd _ tv At _ Bd BS _ tv At B BS
b d b \ S

2
Am ~ MmNV [ ~mZ-0(4%)  Am ~m?ZV,V,[* ~ m2-0(4)

Am~1/22 Amy — B osc. is about 20 times faster than B, osc.

Large Amg !




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°

Mixing of neutral B mesons

_ unmixed — mixed

14
A .

08 | unmixed + mixed

06 1 P(B° - BD):%Fe’n(HcosAmt)

41\~ Am, =0.51140.005 +0.006 ps”’

P(B° H?):%re "(1-cos Amt)

0 2 ‘ 6 s 10
P(B° - B%) - P(B°
P(B® — B%) + P(B°




3. CP violation in the KO and B system

T OV, |
forbidden
_ P B
<>
e | e
P
+ — = +
forbidden ‘ allowed

» C and P violated in weak decays

¢ CP conserved in weak interaction ? — No'!

3.1 Observation of CP violation (CPV) in K decays

K,) :éﬂKO)- @) cP4-1 | should decay into[3z w/ CP(I37>){ -1 ]
| Christenson et al., 1967 | and not into/ CP(|2n>)

+ Until the year 2000 the K° was
the only system in which CPV
was observed

* In 2000, CPV was observed in
the B system

K. —>7z'n i e « So far the observed CPV is

CP = +1 consistent with the SM prediction.
BR ~102 But it is too small to explain the
o 5 baryon asymmetry of the
- ' universe.




Strength of CPV: Characterized by Jarlskog invariant

3.2 CP Violation in the Standard Modell

“iy see Wolfenstein
V,, = [\/ub|e <«—— parametrization

d' Vud Vus Vub d) Phase angle=0:

v complex CKM
Quarks S |=|Ved Ves Vep| S matrix

b') \Ma Vis Vp \D |
i Different mixing

for quarks and
anti-quarks

1

Origin of
CP Violation
(CPV)

Antiquarks:

J

nsM: 3 =M,V VoVe] = A (- 2/2)+0(2°) ~10°°

cs

- J=1Im (V., Vi \/||\/kj) #0

3.3 Unitarity Triangle

Unitary CKM matrix: VVT =1

N

Vud Vs V w \/ud\/ub
V S Vcd Vcs Vcb

Vi) Vs (Vo * >
VedVeb

6 “triangle” relations:

area = J/2

— expect large CPV effects

*

. ]

s Us

! . . “Real” triangles w/ similar sides:
Vudvub +Vcdvcb +thvtb - 0 } -

Important for B, and B decays

— small CPV effect (Kaon decays)

Row 1x2, 2x3 } Degenerated triangles (same area):

Column 1x2 233

10



Rescaled Unitarity Triangle

3.4 “3 Ways” of CP violation in meson decays

1. CP Violation in mixing:

0 J—

P(B B’ );tP(B —>B :>‘ #1

Standard model prediction for B

ap f plg  f
2
|jl-.:: * —I:.::| 41~ 47 sin g ~5x10°
BO BO BO BO p mt

CP eigenstates are not identical with mass/lifetime eigenst;te} admixture

0 _ + §=¥ L)+ En K
K?) = Q k) a1 [K9) m@@ K o1 o)
=gl e = vl [

CPLEAR2001: 4Re(s, ) =(6.2+1.7)-10°

11



CP (T) Violation in mixing

P(K" >K*)-P(K* 5 K") _ 4Re(z,)

P(K® > K")+P(K" > K"~ 1+]g,[ = 4Re(e,) In principal the ratio measures
the T invariance:
o . -
Aexp(t):r(g:o—>e+;z_ve)—r(r<§0—>e_;z+Ee)(t) ke T KO KO
[(Kio >e 7 v,)-I(K, —>e 7 v,,) A
CPLEAR B° BO System:
° A, =-0.0026 +0.0067
E 4Re(s,)=(6.2+1.7)-10°
| .. ® 9 -1.0013 +0.0034
‘e o L o0 @ r'y 4 * p
prooed ' 4R
7% __0.0007 +£0.0017
............... | (1+]e5]) HFAG 2004

2. Direct CPV \
B weak, strong

Prob(B —>f)»Prob(B —f) —>—@§3:1:::f
A A 2
|0 | - |07

#1 | AB->f)=|Ae”e”

A
A

Standard Model:
i+, iy +i10, T interferi litudes A,, A,:
A(BO —)X)=|A1|el¢ i +|A2|e|(p +id W.O |n.e ering amplituaes A4 2
-with diff. CKM phases ¢, , ¢,

AB’ > X)= |A1|e_i(p‘+i51 + |A2|e_i¢2+i52 ~with diff. strong phases 3, , §,

WZ S\ P NSRS EERE R o.o: B° - Kr direct CPV possible
o %/—/

T N,

W< SK 7” Iv.g 7 K

11 < #0 b ————u v
weak Pi——i"  f———i”

12



First observation of direct CPV in B decays
0 + -
B > Kz | Signal (227M BB pairs): 1606 + 51

40 aBAR |B° > Kz~ 1
B 5> Kz 1

NB’ »>K'7 )-NB" >K 7")
NB’ »>K'7 )+NB’ >K 7")

'%P:

BABAR
A, =-0.133+0.030+0.009

4.2¢

i I I e —
- J 4
= 52 522 524 526 528 53

b W s . — 2
- e ) A mys (GeVie')
o

+

Asymmetry Events / 2.5 MeV/¢®

|
o
—
T

Effect of “penguin” contribution l

T

d— BN ¥

3. CPV in interference between mixing and decay

_ eiweib‘
BO - fcp BO Af ‘Af‘ fcp
CP eigenstate: \
HVH q q i _
CP|fCP> :ﬂCP|fCP> Mixing 6~582N\L/A _‘Af‘e—w)elé

CPV if there is a phase difference L. between
the direct path and the path with mixing:

ﬂc ~q As -1 q Af ezi(¢M_¢f) If no CPV in mixing a'nd de'cay:
p =—— =1p || = 2i(py—o
p A p| A Aep =—TIcp ©
Mixing q_ ﬂezw =1 if no CPV good approximation for
P Ip in decay Bo—JlvK,

13



Calculation of the time-dependent CP asymmetry

12

[at]/z o 2 -
T(B° - fup (1) o 2)x[1+/1‘:'° —Im(/lcp)sin(Amdt)Jr1 I;CP

(1] 2cp 2
¢ —|At]/z o 2
— e M [1 + Vs |

(B —>fcp)(t)oc(1+ucp‘2)x ;

= F(§O M) > ep) - F(Eo(t) 2fe) [S, sin(Am,t)-C, cos(Am,t)]
LB (t) >f, )+ (B (t) > 1)
Time resolved |2

S _ ZImiCP C 1_|lcp

f =

/ ' 1+|ﬂbc,,|2 1+|ﬂbc,,|2
Interference \

indicates direct CP violation
= sin2p for e.g. B®—>JhyKg e ! violat

if Ja/p|=1
~ sin2a.y for e.g. BO—>min if |a/p|

cos(Am,t )}

12

+Im( F,)sin(Amc,t)—1_lZ'CP cos(Amdt)}

3.5 SM prediction for the decay B°—J/yK

q%
p

|

_ ﬂ Z‘~|JKS _Vt;th Vcch; A

A, =
WKs p A.pKS

\/tb\/t:i Vc*bvcd

cs'cd _ _
tb\/td Vcchs Vcchd
~

Beside V4 all other CKM elements are real

Vg » [de | e’

=

\A

WKs :1

Im(A,..,) = sin(2B)

\/tb\/td Vcb cd -2ip

Nep =—1

- B°mixing - - B? deca - - KOmixing - é
b __.g b ‘ Y c S——u— d s
d—e—e—b d d d—e—e—s s
a/p AcxcV V ay / Px S

£

®

no direct CPV, no CPV in mixing

Phase of decay amplitude ¢;=0

Mixing phase @,,=B

14



3.6 Time dependent A for BO—J/yK,

Oscillation with Amy
If Agp = O:
+ CP violation

* Measurement of the angle f = arg(V,,)

Time dependent CP asymmetry measurement for BO—J/yK,

K © -
7 Btag =B (to)

+ // T 0
//’ =B, =B (t)

/e+
QI y : :
1: Exclusive B reconstruction:
e- flavor or CP eigenstate

3: Determination of At = Az/Byc b

BO =BO

rec flav

(flavor eigenstates) ™= lifetime, mixing analyses
B, (CP eigenstates) ™ CP analysis

0
rec

B

15



CP asymmetry in BO—J/yK|

BABAR

| ICHEP 2004

%)
=
=

I
uze
s

]

Events/ (0.4 ps)

Raw asymmetry
o)
o tn
_]_ 7
L
|

'
2]
=tk

At[ps]

sin2 = 0.722 + 0.040 (stat) £ 0.023 (sys)
[A\| =0.950 + 0.031 (stat.) +£0.013 (sys)

Acp(t) = —1cp SIN2 B sin(Amt)

3.7 Status of the Unitarity Triangle

M -l -+1g- +2¢
i -

0208 06

With the current precision the
CKM phases behave as
predicted by the Standard
Model — high precision
measurements necessary

R.Nogowski & K.Schubert, Dresden (2004)
I TR y

ckmlfit 0410-1
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