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Time evolution in the B system

An arbitrary linear combination of the neutral B-meson flavor
eigenstates

a|B")+b|B°)

is governed by a time-dependent Schroedinger equation

ety

M and I' are 2x2 Hermitian matrices. CPT invariance ->H;;=H,,
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e Time evolution in the B system
L [ 1

The light B, and heavy B, mass eigenstates are given by
|BL>=p‘B°>+q‘§O>
|B4)=p|B")=d|B")

With the eigenvalue differences
Amy=m, —m,,Al', =T, -1,

Which are related to the M and I matrix elements
1 2 1 2
(Amy)? —Z(AFB)2 =4(|M ,| —Z\Ez\ )

Am,AT, =4Re(M,,T,")
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The ratio p/q is

AmB_EAFB __2(M12 _Erlz)

T i
p 2(M,, _EFIZ) Amyg _EAFB

What do we know about Amg and Al'g?
Xq = Amg/T'3=0.73+-0.05 well measured

AT'g/T'g not measured, expected O(0.01), due to decays
common to B and anti-B - 0(0.001).
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Since AT’y << Amg

Amy =2|M,|
AT, =2Re(M,I,)/|M,)|

and
a__[Myf
P M,
or to next order q9__ |M12| {1 —llm[ 3 H
p M, 2 12
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Any B state can then be written as an admixture of the states By, and B,
and the amplitudes of this admixture evolve in time

aH (t) — aH (O)e—iMHte—FHt/Z
a, (t) =aq, (O)e—iMLte—rLt/Z

A B state created at t=0 (denoted by B, ) has a,,(0)= a (0)=1/(2p);
an anti-B at t=0 (anti-B%,, ;) has a,(0)= a,(0)=1/(2q)
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BC at t=0, evolution in time
N/No Full line: BY, dotted: B?

05} . T: in units of T=1/T

0.0
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A

Time evolution: ‘BO (t)> —g, (t)‘ BO> +(q/ p)g_ (t)‘ §0>

phys

By )= (p/ 92 ()| B*)+g. ()| B°)

phys

with g.(t)=e™e""" cos(Amt/2)
g (t)=e™e " ?isin(Amt/2)

M = (M,+M,)/2
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et CP violation: three types

LT

Define decay amplitudes of B and A = <f‘H‘ BO>
anti-B to the same final state f f
Ay =(f|H|B")

1=

|

Define also parameter A B
P Ay

Three types of CP violation (CPV):
2P in decay: |A/A| = 1
IA] = 1

2P in mixing: |q/pl = 1

26 1in interference between mixing and decay: even if
IA] = 1 if only Im(A) = 0
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CP violation in decay

2P in decay: |A/A| =1

(and of course also [A] = 1)

_T(B* > f,t)-T(B" > f,1) _

TUTB > £,0)+T(B - f.f)
1-| A4/ 4]
1+ A/ AP

Also possible for neutral B.
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EBHHE CP violation in decay
L T

CPV in decay: |A/A| = 1: how do we get there? A ZAel(M’p’)

In general, A is a sum of amplitudes with

strong phases 8; and weak phases ¢;. The Zf :ZAei(d,-—w,-)
f i

amplitudes for ant'i—part'ic'les have same
strong phases and opposite weak phases ->

Al T
‘ ‘ ‘ZAe"‘”“”

‘Af‘ —‘ f‘ ZAA sin(g, —¢;)sin(5, - 9,)

CPV 1in decay: need at least two interfering amplitudes
with different weak and strong phases.
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CP violation in mixing

eP in mixing: |q/p| = 1 (again |A] = 1)

In general: probability for a B to turn into an anti-B can
different from the probability for an anti-B toturn into a B.

|BY,,(0))= 2. (0] B") +(q/ p)g (1) B”)
By, ()=(p/9)g ()| B°)+2.(1)| B°)

Example: semileptonic decays:
(1rvx || By, (0) = (q/ Prg_ (4
(1rvx|u| By, 0) = (0 g (04
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7x . . . . .
FERARE CP violation in mixing
e ] [
L L(B,,, (1) > I'vK) ~T(B,, (1) > [ 'VX) _
T D(B,, (1) > I'vX)+ (B, (t) > [vX)
_1-lgq/pl’
I+1q/pl

-> Small, since to first order |q/p|~1. Next order:

p M, 2 M,

Expect 0(0.01) effect in semileptonic decays
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- CP violation in the interference between decays
with and without mixing

i) L

CP violation in the interference between mixing and decay
to a state accessible in both BY and anti-B° decays

For example: a CP eigenstate fq, like Tt 7T~

Ap -

@}\_0 An

B 1=

0
B CP

we can get CP violation if Im(A) = 0, even if |A|
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o CP violation in the interference between decays

aHy
@ﬁ@ with and without mixing
Decay rate asymmetry: P(EO —)fcp,t)—P(BO N fcp,f)

A = 550 0
P(B" — fop,t)+ P(B” = fop,t)

Decay rate: P(B’ —> Jepst) ‘<fcp ‘H‘ Bp?hys (t)>‘2

Decay amplitudes vs time:
(fer [H| By, (0) = 8.0 fer | H| B° )+ (a/ P)g_(0) e |H| B°)
=g.(04,, +(q/p)g. (DAr,
(for|H|BD, ()= (P @)g () for|H|B)+ g, () /o |H| B°)

=(p/9)g (D4, +g, (A,
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CP violation in the interference between decays
with and without mixing

. :P(ZEO —)fCP,t)—P(BO—)fCP,t): l:ii
o P(B® = fip,1)+ P(B" = fip,t) pA,
(=| A, [?)cos(Amt)—21Im(4, )sin(Ami)
1+] ﬂfcp ?
Non-zero effect if Im(L) = O,
even if |A] = 1
If in addition [A] =1 ->
a, =-Im(4, )sin(Ami)
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ﬁﬁ‘ﬁ CP violation in the interference between decays

T with and without mixing
One more form for A: q chp q Zycp
/1ka = 77f<71> T
fCP p fCP

Neep="-1 CP parity of fep

-> we get one more (-1) sign when comparing
asymmetries in two states with opposite CP parity

a, =-Im(4, )sin(Amt)
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B and anti-B from the Y(4s)

B and anti-B from the Y(4s) decay are in a I=1 state.

They cannot mix independently (either BB or anti-B anti-B states are
forbidden with |=1 due to Bose symmetry).

After one of them decays, the other evolves independently ->

-> only time differences between one and the other decay matter
(for mixing).

Assume
eone decays to a CP eigenstate fg, (e.g. nn or J/yKs) at time t, and

othe other at tg,, to a flavor-specific state f,,, (=state only accessible
to a BY and not to a anti-B° (or vice versa), e.g. B? -> DO, D0 ->Kn*)

also known as ‘tag’ because it tags the flavour of the B meson it
comes from
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ﬁﬁﬁﬁ Time evolution for B and anti-B from the Y(4s)

LT

The time evolution for the B anti-B pair from Y(4s) decay

— e_r(twg Hiep ) 2

tag tfcp) -
[1+ ‘lfcp ‘2 + cos[Am(tmg —t,, )](1 — ‘/Ifcp
~2sin(Am(t,, 1, ))im(2, )]

—2
R(t 4,4

Sep

Y

CcpP

y) _ 1 Afcp
p 4,
-> in asymmetry measurements at Y(4s) we have to use

thagticp instead of absolute time t.
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Decay rate to f

|
Incoherent production coherent production
(e.g. hadron collider) at Y(4s)
| \
/o | Mo I\
T | IJII \
osf N RN
05F - I.' \.
J
< S \
et —_'_-/ \\H-\--\' e
5 0 T=(ts—u)/r 5
2.0 40 p_y, 60

0.0
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CP violation in SM

consequence of the
Cabibbo-Kobayashi-Maskawa
quark mixing matrix
? Vij q;

Vud Vus Vub

Verkmv =1 Va Ves Va
Via Vis Vi
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CP violation in SM

L=V Uy A=y )DW, VD" (= y)U W,
gcp

Lep =VyDy* A=y )U W, +V Uy A=y )D ¥,

If Vij=Vij* » (=L, » CP is conserved
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w2 -
FERAR CKM matrix
L T

3x3 ortogonal matrix: 3 parameters - angles

3x3 unitary matrix: 18 parameters, 9 conditions = 9 free
parameters, 3 angles and 6 phases

6 quarks: 5 relative phases can be transformed away (by
redefinig the quark fields)

1 phase left -> the matrix is in general complex

CCi3 S12€13 S13eii5
Ve =| —812613 — 012523S136i5 CpCo3 — S12S23513ei5 $23C13
S12523 _Clzcz3sl3ei5 — €Sy _S12023513ei5 C3C13
s,,=sinb,,, ¢;,=Co0s0,, etc.
May 17-25, 2005 Course at University of Barcelona Peter Krizan, Ljubljana

12



CKM matrix

u c t
d s b
Transitions between members of

the same family more probable
(=thicker lines) than others

-> CKM: almost a diagonal matrix,
but not completely ->
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L

HRRE CKM matrix

LT

2

Almost a diagonal matrix, but not completely ->

Wolfenstein parametrisation: expand in the
parameter A (=sin6.=0.22)

A, p and n: all of order one

22
1- 5y A AX(p-in)
ﬂz 2 4
V= ) - AX +O(X)
AP (- p—in) —AX 1
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AN
wina[f] (TN wmw

define

Then to O(L°)

May 17-25, 2005

CKM matrix
S, =A,8,, = AV 5,67 = AX (p—in)

Vig =2V, = A2,
V= AZ(p=in),
Viy=AX (- p—in),
ImV,, =-4%7,
ImV, =-42'n,

2 2

— 2 - A
p—pG—E%n—nG—EO
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Unitary relations

Rows and columns of the V matrix are orthogonal

Three examples: 1st+2nd, 2nd43rd {st43rd columns

ViV VoV +VV, =0,
VV., +V.V, +VV, =0,

us’ ub cs’ ch ts” th

Vuqub* + Vchcb* + thth* =0.

Geometrical representation: triangles in the
complex plane.

May 17-25, 2005
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Unitary triangles

—

ViV VoV +VV, =0,
VV., +V.V, +VV, =0,

us’ ub cs’ ch ts” th

Vuqub* + Vchcb* + thth* =0.

T2

(a)
(b)
I
(c)

All triangles have the same area J/2 (about 4x10-)

_ 2 :
J = €15C13C(35,,5,385 SIN O

May 17-25, 2005
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T20444

ﬁﬁﬁﬁ Unitarity triangle
[ =]
VtcinE

THE unitarity triangle:

Vuqub* + Vchcb* + thth* =0

Another notation: . A
7777777777 T
\
¢1=B Vudvrub o VigVip
[VeaVeb) ! Ve Veb|
h,=at |
|
|
— |
O3=y v ! B
0 : >
0 P 1
a2 (b) 720445
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Angles of the unitarity triangle

*
V.V
aE¢zEarg td tb*
e VidVip
VidVao 2
T
* \"IuquI;L //
B=g¢ =arg VedV s L VeV
- - *
ViV @
*
V.V
— — d” ub
y =@, =arg ViV
Vcd Vcb |Vr:d\‘rc'l}[
s
LN
)
(h] TN
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a2
@WH]@ b decays
ds W...... .
Tree o QCD penguin
b v b ; qql
a3b e —
—> -
W Vab AN q;
% | g \<
V¥ 241 ay d;
/A
_I_’
qu

EW penguin
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Decay amplitude structure

Quark diagrams: classified in tree, penguin and electroweak penguin
contributions.

B decays are not so easy: due to long distance physics effects;
rescattering processes can change the quark content of the final
state.

Describe the weak-phase structure of B-decay amplitude: sum of
three terms with definite CKM coefficients:

AGGq) =V PhA VoV Ty, + POV, (T8, + Pl

ccq' qc uugq'™ qu
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.-'_/ﬁ_‘ Decay amplitude structure: ggs and ggd
e decays

Use the unitarity condition to simplify the expressions for individual
amplitudes:

A(cEs) =V, (T + P ~P)+V, 0, (P P,

cecs

AQuiis) = V)V, (P =P+ V1, (T + P~ F)),

A(sss) =V, V., (PS =P+ V, V(P = P)).

Nice feature: penguin amplitudes only come as differences — only in
this way they are meaningful.

A(ccd) = Vsztd*(Rdt _Pdu) + Vcchd*(Tcad + R.lc _Pdu )
A(uied) =V, Y, (Py =P+ V, Vo (Tag + Py =P,
A(ssd)=V,V,, (P; =P} )+V, V., (P; —P}).
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Low-energy effective Hamiltonians

Low-energy effective Hamiltonians: constructed using the operator
product expansion (OPE):

(f|Hese|?) ox Zk:(f Qi) ]} Crl4e)

w is an appropriate renormalization scale O(m,). The OPE allows one to

separate the “long-distance” contributions to that decay amplitude from
the “short-distance” parts.

“long-distance” contributions not calculable -> nonperturbative hadronic
matrix elements

“short-distance” described by perturbatively calculable Wilson coefficient
functions C, ().

For B decays:

G' T TS 2 ¢ 1 10 q 1
Her(AD = —1) = 7% > VidVie {Z Qi Cr(p) + - Qf Crl)
=G k=1 k=3 ]
ﬁﬁﬁ Decay asymmetry predictions - overview
[ =]

Five classes of B decays.

Classes 1 and 2 are expected to have relatively small direct CP
violations -> particularly interesting for extracting CKM parameters
from interference of decays with and without mixing.

In the remaining three classes, direct CP violations could be
significant, decay asymmetries cannot be cleanly interpreted in terms
of CKM phases.

1. Decays dominated by a single term: b->ccs and b-> sss. SM cleanly
predicts zero (or very small) direct CP violations because the second
term is Cabibbo suppressed. Any observation of large direct CP-
violating effects in these cases would be a clue to beyond Standard
Model physics. The modes B+ ->]/yK* and B*->¢K* are examples of
this class. The corresponding neutral modes have cleanly predicted
relationships between CKM parameters and the measured asymmetry
from interference between decays with and without mixing.
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Decay asymmetry predictions - overview

2. Decays with a small second term: b->ccd and b->uud. The
expectation that penguin-only contributions are suppressed compared
to tree contributions suggests that these modes will have small direct
CP violation effects, and an approximate prediction for the relationship
between measured asymmetries in neutral decays and CKM phases can
be made.

3. Decays with a suppressed tree contribution: b->uus. The tree
amplitude is suppressed by small mixing angles, V.V, . The no-tree
term may be comparable or even dominate and give large interference
effects. An example is B->pK.
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s - .
FRE Decay asymmetry predictions - overview
e ] [ ==

4. Decays with no tree contribution: b->ssd. Here the interference
comes from penguin contributions with different charge 2/3 quarks in
the loop. An example is B->KK.

5. Radiative decays: b->sy . The mechanism here is the same as in
case 4 except that the leading contributions come from
electromagnetic penguins. An example is B->K"y .

May 17-25, 2005 Course at University of Barcelona Peter Krizan, Ljubljana
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Decay asymmetry predictions — overview

b->qgs

B = s Decay Modes

Quank Process Leacling “LTerin Secondary “lern Sawple By Modes | By Augle | Sample 8, Modes | B, Angle
Vo= A2 | Valih - AN
b et ol - =) I K B ul Bs
tree — penpuin (¢ —1) | penguin only {u —¢) DDy
VaVs = Ax® ViVl = AN p—ay)
b—+ 535 < ) Y g f 0
peuguin ouly (¢ = 1) peuguin ouly (u—1)
b — ulis VipVis = AN ViVl = AN (p—17)) ™ Ks cotupeting P copeting
b= dids penguin ouly (¢ —t) | tree — penguin (u—1{) PR terus HsKs terns
b— cTis Venly = AN 0 DKy common D% ™y common
T T
b — us ViV = AN (p— i) DK 7~ modes D'y~ modes
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Decay asymmetry predictions — overview

b->qqd

b — fd Devay Mosdes

Cuiark Prooesss Leasding “Timan Sevoncary Timn Saguphe By Modes By Augle Seuple B, Modes B, Augle
" (heawding terus ouly ) " (leading ter)
Vb = —AN ViV = AN(L = p— in)
b et = wh . D " ¥ Ks s
e — penguin (e —u) Peayguin ouly (¢ = u)
s a3 VsVl = AXML— p—in Vally= AN r,‘ai coanpeting by copupetig
presgguin ouly (8 — ) prenguin ondy (e —u) KoK« e ternes
b= uTid ViV = A p=dn) | ViV = AN (L = p= i) w s Ky conpreting
o
b— did free — pengnin (uc) penguin only (= c) way K ferie
b= o ViV = AN 0 D8 coumuon DPKs s connuon
o T T
b — it Vi = —ANp— in) Ta? 7 wodes Tk, 7 uodes
=
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Decay asymmetry predictions — example n* 7

A_ u u
b Vi / b V¥, / Zm
_— _ _—
d (a/p) A/A d
/ /

PR A P *
ViVia N ViaVus a=¢, =arg ViV Vfb

Im(4_ ) =sin2a VudV

N.B.: for simplicity we have neglected possible penguin amplitudes (which
we know is wrong), do it properly later.
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@Bﬂ_ﬁ@ Decay asymmetry predictions — example J/yKq

tree + penguin contribution ~ V Vv *=A\2

penguin only contribution ~ VvV, *=AA(p-in)

Take into account that we measure the ©n* 7w
component ofK; - also need the (q/p), for the K

system
(a/p) A/A
- B/v / (a/p),
a e [V [ Ve [ Ve |
wKs — 'lyk * w T
ViVia \VoVor NViiVey
=7 th th Vcb Vcd VoV *
- Ks * * Ted” ch Lb
- ViVu NV Vea p=¢ =arg
: VaVy
Im(4,4,) =sin2p
May 17-25, 2005 Course at University of Barcelona Peter Krizan, Ljubljana

21



b-> c anti-c s
CP=+1 and CP=-1 eigenstates

a, =-—Im(4, )sin(Amz)

Asymmetry sign depends on the CP parity of 2 q A;

the final state fep, Neep==+-1 fer 77fcp ; A

CP

fep
JvKs () CP=-1

o]/y: P=-1, C=-1 (vector particle JP¢=1-): CP=+1

oK (->n* m): CP=+1, orbital ang. momentum of pions=0 ->
P(rn*n)=(nn*), C(n =*) =(n* =)

eorbital ang. momentum between J/y and K¢ I=1, P=(-1)!=-1

J/w K (3r): CP=+1
Opposite parity to J/y K (=" ), because K (3=) has CP=-1
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HEAEREE The kaon case

The two K states have very different lifetimes
7, =(5.17£0.04)x10°s
7, =(0.8927+0.009)x10™"s
The eigenstates are in this case defined by lifetimes
|KS>=p‘K0>+q‘EO>
|KL>=p‘K0>—q‘EO>
With the mass difference

Am, =m, —mg =(3.491£0.009)x10"° GeV’

May 17-25, 2005 Course at University of Barcelona Peter Krizan, Ljubljana

22



A

[ The kaon case
In this case
AT, ~—2Am,

KO at t=0, evolution in time
Full line: KO, dotted: KO

N/No

051
T: in units of T,

After a few t.: left ony K,
roughly equal mixture of KO

0.0 2.0 4.0 6.0
T and KO
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a2
HEAEREE The kaon case

Define ¢4, with
M12 - _ ‘Mlz‘ ei¢12

Lo [0

It turns out that for the K system ¢,,<<1
1 > 1 2
From (Amy)* = (AT,)" =AMy =2 [0,

(see above)

AmyAT, = 4Re(M,T}, )

AT, =-2[T,|
Am, =2IM ,

Course at University of Barcelona Peter Krizan, Ljubljana

To the leading order
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— 215K

Define Fl:z — |le2 e

Use same
expression for g/p
as for the B case:

i * *
Amy ——Aly 2(M, —-T},)
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a2
| The kaon case
e ] [ ==
o Ay
q T N B e
(_) — (.:2?.(‘;';\ 1 — o 2._\.‘”!;\ 5
Pk 1+ (AL)
2AmM

The ratio p/q is almost a pure phase (similar as in the B case)

-> CPV in mixing small in both cases (but for different
reasons: small lifetime diff in B, small phase in K system)

CPV in interference between mixing and decay:
A=1to 0(0.001) -> small

May 17-25, 2005 Course at University of Barcelona Peter Krizan, Ljubljana
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To next — . - Al'g
[ 14
order -> LT — ] — iy 2
A 1+ ( Al'g )

2Am K

-> can be used to extract ¢,

But: it is not easy to transform from ¢,, to electroweak
parameters because of long distance (strong
interaction) contribution M.
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w2 .
RN Backup slides
[ =]

May 17-25, 2005 Course at University of Barcelona Peter Krizan, Ljubljana

25



Parity of B°

P: space inversion P|B%> = -|B%>
Why is the parity of B? (pseudoscalar meson) -17?

B is composed of two quarks with spin 3z,
with total spin J=0.
The two quark spins are combined to » @® *» = 0,
the relative angular momentum is 1=0 (ground
bound state of b in d).
Prostorski del valovne funkcije ima
parnost (-1)'=+1.
Quark in antiquark have opposite parities
=> additional factor -1
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x'= Ax transformation
of bispinor

—-my(x)=0 Diracequation ——

ox* compare
V) NG

omy =0 S
ox substitute

U

v'(x")=Sy(x) transformation for a bispinor—

Qg _ AM,Y <
S yiS=ANy conclude
1 spinor for
-1 particles (E20)
N = . space inversion
-1 W' a=Sy, =Y,

STyS=y" STES=—pf Wha=SWs ="V,
spinor za for 4/””’,/”

anti-particles (E<0)
May 17-25, 2005 Course at University of Barcelona Peter Krizan, Ljubljana
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