Standard Model: Flavor mixing and CP violation

Flavor Mixing and CP Violation
1. CKM Matrix

2. Mixing of neutral mesons

3.CP violation in the B? system
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Standard Model: Flavor mixing and CP violation

1.1 Parameters of CKM 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
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i5 io
923, 913, 912 S13S23 —C43C235,3€ —C1S23 —54,C5353€ C23Ci3
1 Phase _
) where ¢, =cosf;, s; =sing,

Remark: Unobservable relative quark 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:
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5 unobservable

Vaj — expli(4(]) - @)V phase differences !
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Standard Model: Flavor mixing and CP violation

Magnitude d
of elements '
S | = komplex
' in O(A3)
b
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Reflects hierarchy of elements in O(})

2. Mixing of neutral mesons

As result of the quark mixing the Standard Model predicts
oscillations of neutral mesons:

B < B

| __uct
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-b—4—dw\/wwib——<—d b . < >
uct

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

discovery of 1960 2007 1987 2006
mixing
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Standard Model: Flavor mixing and CP violation

2.1 Mixing phenomenology

BU
Consider time dependent Schrédinger eq. for 2 component wave function [@]:

0 0 0 m ! I r‘n1 ! I, 0
i 1~ 511 275112
TR RN
B B B m12_§r12 m22_§r22 B
Dispersive & absorptive

As the matrix H is not diagonal B® and B are not mass eigenstates.

Diagonalizing H of finds the mass eigenstates:

@ withm, T, pf +df =1
complex coefficients

\BL>:p‘B°>+q
|By) = p‘ B°> —q‘@> withm, T},

A Am=my-m

Free particle _ —imy t
wave funct. ‘BHYL(t)>_‘a":L(O)> - e Al = Ty - I}
b ()

Time development of B and B
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P

P(B°(0) > B°(t)) =, ()] P(B°(0) > B°(t))=If, (t)f
i i

P(B°(0) > B(t))= % f (1) P(B°(t) - B(t))= g f (1)
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Standard Model: Flavor mixing and CP violation

Oscillation frequency
PB° >B°)=P(B° -»B°)= % [e*nt +e ™ 126 2 cos Amt
CPT
o 2
P(B° >B°%)= lg [efnt pe g it cosAmt]
1 2
P(B° B°):42 [e’“l +e —2e’(r“r”)”2cosAmt]
CP- violation in mixing: p(|3° _>E)¢ p(? —>BO):‘H 21
p
2.2 Standard Model prediction for B® mixing
Mixing mechanisms:
* Mixing through decay:
B° B®
Llong distant, on-shell states” — large AI

For B mesons there are many possible hadronic decays — T is large in
addition decays like B»nn are suppressed
~ 0 for B}

0(0.1) for B = don't expect mixing via decay
= J1)1or Bg

Al
>y=— |ssmal|:{
2r
* Mixing through oscillation — large Am
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0 d b 0
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Standard Model: Flavor mixing and CP violation

Standard Model result
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Large Amg g

— Significant contribution only from top loop
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Am ~ mtzr\/tbvts|2 - mt2 -0(2%)

Am~1/22 Amy — By osc. is about 35 times faster than B, osc.

for I, =T =T

P(B’ >B°%)= %re’“(1 +cosAmt)
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2.3 Experimental observation of B meson mixing
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Standard Model: Flavor mixing and CP violation

CDF Run Il Preliminary L =1.01b" Observation:

2- Spring 2006
[ 5o Messung

P A D0 @
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48 \j
[ —— data
o[ — cosine with A=1.28

Cooaa Lo b e b Loy a by [
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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

3. CP violation in the B? system

T S>TV,

forbidden
VZ' 4—%— @ _— 7[7
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<>
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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 CP Violation in Standard Model: complex CKM elements
d_L V ul__ aiR V; UJ_R
| |

CP
)

L
; * L
uJ Vji di
CP (T)violaton < V. # V. T l
ji ji )
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.

Moreover, as can be shown, CPV requires that all u-type and all d-
type quarks have different masses.

3.2 Unitarity Triangle

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

Im . thvtb area = J/2
Vo] Voo V) | Ve
V =|Va | Vs [V .
Vi ) Vs (Vo " %d\éb

Vudvul +Vcdvc:) +thvt; = O

Important for B, and B decays

Vudvui) +Vcdvcz +thvt; = 0
V.V, +V. V. +V,V, =0

ts " us
Strength of CPV: Characterized by Jarlskog invariant J=1Im (Vij Vi V”*Vk*j)
In SM: J=ImV_V VUZV;] = A2160(1 - ,12/2)_,_ o(,11°)~10*5

us ' cb
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Standard Model: Flavor mixing and CP violation

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

Vud Vus |Vub|e_iy
Im Ved Ves Veb
1 |th|e"iﬁ Vis Vio

77 .............. .
ViVio

3.3 Observation of CP Violation - Phase measurement
— Interference experiment
Bf B o> f

|
|

M A A _

B > f ! B > f
|
I
I
1
|

. I - .
A, el*re’? ! A, e kel
CP
Weak and CP invariant  __, ) )
2 i =
|A| =A12 n Az2 phase difference ‘A‘ =AT+ A
+2AA, cOS(¢ep + ) +2AA, COS(¢ep — 5)
Need two phase differences between A, and A,: Weak difference which changes
sign under CP and another phase difference (strong) which is unchanged.
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Standard Model: Flavor mixing and CP violation

“3 Ways” of CP violation in meson decays

[

a) Direct CP violation 1
+

A _
- ||

P(B —>f)=P(B—f)

B  weak : strong/ Af
—>— o - |F.f.f

AB—f)=|Ale" e’

b) CP violation in mixing

alp f plq f_
R L .

P(B® - B%) = P(B° — B°)

c) CP violation through interference of mixed and
unmixed amplitudes

> f

T(BY, — f)(t) = [(BY — f)(t)

Asymmetrie modulated by ~ sinAmt

Combinations of the 3 ways are possible!
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Standard Model: Flavor mixing and CP violation

ad a) Direct CP violation (B system)

A, oifer @id

Strong phase difference

2 2 . .
CP Asymmetrie ‘A‘ —|A| :4|A1||A2|smgosm§

_ ) = 400
N(B°/B° > K*z")=1606+t51 2
]
<1200
_ 2
Ay = N(B® »>K*7)-NB’ > K 7z") :
PUNB? K7 ) +NEB° > K 7) 5 01
Q
Acp =—0.133+0.030+0.009 =0
4.2¢ <01

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

PRL93(2004) 131801.
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Standard Model: Flavor mixing and CP violation

S®

b) CP (T) violation in mixing

T violation
—
‘% 1 p(B° —B%)=P({E’—B)
Q"’b

B® - J/yKs) = Alf, (t) + Apf (1))

(_})

U

I
- |
> | >

c) CP violation in interference between mixing and decay

B® - J/ywK, B® - J/yK,
A — Nep=-1
B° *J/wK, *Jyw K,
A

P

B? > J/yK )= A|f (t Tt
[B® > J/uK,) (()% ()J
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Standard Model: Flavor mixing and CP violation

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

_ KO mixing -

S—e—e—d

- Bmixing - : B decay
q/p AOCVCbVCS qK / pK

p

ACP — ﬂ i Vl;\/td Vcbvc*s Vcsvctj \/t;\/td Vcbvctj

- _ :@—Ziﬂ

i
p A :Q/tbvtd Vcbvcs Vcsvcd thth Vcbvcd

~
Beside V4 all other CKM elements are real

d—e—e

S

o nld Ol

Same for all ccK® channels

o =1
~ Ntd ‘ e v = VCP‘ no direct CPV, no CPV in mixing

Vv
IM(/cp) = sin(2B)

td

Calculation of the time-dependent CP asymmetry

12

*‘Al‘/fu 2
B 1 1_
F(B° > fo )(O) o 1 z)x[ +Ver| R Igcp

2 1+ s 2

e [wcf

cos(Am,t )}

12

=
+Im(A, )sin(Am,t) - l;«cp

I'B" —>f,)(t)c ( >

X
1+ ]2 [ )

cos(Am,t )}

_TE° )2 1e)-TE" 0> ) g cinfam 1)
_ B > ) @M ) e @(ﬁ”‘—tﬂ

negligible

Time resolved P
S = 2ImZ’CP C 1_|ZCP|

/ Tl L 1l
Interference \

indicates direct CP violation
= sin2p for B®—>JhyKg if |o/p|1
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Standard Model: Flavor mixing and CP violation

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

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

B=BY/B~+
Ecys = 10.58 GeV

Symmetric:

e- 5.3Ge\£ :5.3GeV e+ B mesons decay at rest
— decay length z~0

Asymmetric:

_ 9GeV 31Gev _,  _ _.- .é, decay length

e —M «— e === ___ > z~250pum

Boost = 0.56
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Standard Model: Flavor mixing and CP violation

bV yiag)

t1 ‘V2

Measurement of sin2f: Coherent oscillation

At ‘V2

Jly

~
~,

B;?

Acp (t) = sin2B sin(Amt)

Raw asymmelry

F — R _0)-R° N . .
B BB Bor(At =0)=B o0 b Acp(t) = sin2B sin(Amt)
c 60 BtagiB r 0.6
.% F0.4
L » 'Z".:“
o :
30 Z,‘-nz
20 ZHM“
10 N
95 -|'n 75 5 25 0 z’s 5 1.5 1:: B .1In .7|_5 Is 25 0 zjs ; 7.5 1|n
At (ps) At (ps)
Measurement of sin2p: Golden decay channel
PRL 94, 161803.
2 I
g'zoul-— B tags BABAR
[ B tags
2
2|
=

1 P
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L

s 0

5
At[ps]

sin2f = 0.722+0.040+0.023
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Standard Model: Flavor mixing and CP violation

3.5 Experimental status of the Unitarity Triangle

&
-

RIS,

e
e
vy =<

-II:I!iIJ—VII LIl IIII:.II'

’
|
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T

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
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