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Flavour physics
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Matter Anti-Matter
Asymmetry (CP violation)
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® |st lecture: Introduction to flavour physics
* Weak interaction processes: historical review
* Discovery of CP violation in the K system

% Charged/Neutral processes and GIM mechanism

® 7nd lecture: Describing flavour physics and CP
violation within SM

% Charged/Neutral current and CP violation in SM
* Measuring CP violating phase in B factories

* Testing the unitarity of the CKM matrix




Plan

® 3rd lecture: Searching new physics with flavour
physics

* Some examples in the past

* Some examples in the future




What kind of weak interaction
processes do you know!




Discovery of Parity Violation
in beta decays
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Beta decay: continuous spectrum

Fermi’s theory of beta decay (1933)

The spectrum of beta decay is continuous not like gamma ray.
This is because in beta decay, zero mass, zero charge neutrinos
are emitted together with the electrons/positrons.
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E(H®) = E(He®) + E(e”) + E(v)

Emitted energy is shared by e* and v. As a
result, the spectrum becomes continuous.




T-0 puzzle

In early ’50’s, In cosmic ray, two particles
which have an identical mass while,
decaying into two and three pions were
observed.

O
o 0<8

parity of pion

is (-1)




Observation of parity violation

Co® = Ni®®+ e + Vv

Right handed
electron Q;D
@ Final states are also

() :
o all aligned but
B decay @) electrons are emitted
with large

momentum.
Having cobalt in a

magnetic field in cold | @
temperature, its spin S
P P Left handed J

becomes aligned. electron




Observation of parity violation

Co®=> Ni®®+ e +V

Wu has tested if there is
any preference in the
direction of the emitted
electron (if Parity is
conserved, it should be
equal)!

Final states are also

B
g/ g(
y 1) all aligned but
@ electrons are emitted
with large
momentum.

magnetic field in cold
temperature, its spin
becomes aligned.

More

S in this way!
Left handed Y
electron




V-A theory for weak interaction

Electro-magnetic interaction

Ter,

Weak interaction

AGEE

1 _
= (etpy"up) (q_2> (—€Teyptie)

Vector coupling

G— (WY (1 — 75>up><ﬂue'7u(1 — Ys5)Ue)

g

V-A coupling




Discovery of CP Violation
in K decays




CP transformation in a few words

C: Charge transformation
P: Parity transformation

A few key equations...

CPIK® = (K ) KO = 3d
— —0 —
CPK) = |K° K =ds
CP|n°) = —|7°) 0 — 77 — A
CP|lm"n™) =+|n"n™) +7T_—Euu—d_dd_
CP|(rta )m®) = (=) (P ) T T T




CP “invariance” of K system

Two decay channels of K are observed... (0-T puzzle)




CP “invariance” of K system

Two decay channels of K are observed... (0-T puzzle)

0 gww

CP EVEN .

It’s not convenient that the same K decays to

isen- "
\TWO DIFFERENT CP eigen states;./

\ @ CP ODD




CP “invariance” of K system

states from K®and K°?

' How can we make two CP (+ and -)

CPIK’) = |K) K% =3d
CPIK) = |K° K =ds

ANSWER | Ifthe K is a mixed state of K° and K° in nature...

CPIKL) = +—=(|K%) +|E"))

K) = SS(KY)+[E) P oo
Ky — %(m &%) l; CPIKy) = ——=(K")~[E")

= —|K,) |cPoDD




CP “invariance” of K system
Distinguishing K| and K>

By the decay channel By the life-time

Mk=498MeV
— @ Mr=140 MeV
Phase space for 271 is about 600

@ larger than for 31T
> 4 )

(K1) =~ 0.90 x 107"
7(K3) ~ 5.1x107%s

\_ J

4 @ Accidental phase space
\ @ suppression:

short-lived K is K| and long-

lived one is K>




CP non-invariance of K system

Cabibbo (19¢¢)




CP non-invariance of K system

First observation of the CP violation

Long-lived K;
decaying to 2T11!!!




CP non-invariance of K system

We thought... 1
p P CPIKY) = +(IK) +[E)
K) = S(K) + K ,; 7
1 1 —
o) = S5 (K - &) CPI:) = (1K) = [K)
_ — -|K,) |cPoDD
But, actually... K? and K9 can mix through box diagram.
’ Thus, they are not mass eigenstate.
1 —0
— ] Ks) = —=(plK°)+qK
K° and K° can mix! Ks) ﬂ(m )+l
_ 1 0 —0
S < - |Kp) = \ﬁ (]9|K ) —q|K >)

= 0,1
KO> 1 KO If q./P#: I,

d_,

the mass eigenstate Ks/.




CP non-invariance of K system

So the mass eigenstate

is a mixture of two CP eigenstate!

|Ks) =

= (1K) + 4K

V2

p q q
la+ Dik + - D))
5 (1K) =)

p q q

1@ - DIk + 1+ Do)

we recover the previous result.




P Mass matrix of the K system

H=M-_1 :(Mn—%rn M12—%F12>

: :
Moy — 51’91 Moz — 5192

Using CPT invariance (M11=M22, '11=I22) and M and T being Hermitian, we find the
eigensystem of this matrix:

( B 1 q 1 D
M+ -1y = Mj;— =T — | Mo — =T ;
1—|—21 11 211+p< 12 212); (q)
1 o 1 q 1 P
Mo+ =1y = My —=I'y1— = My — =T ;
2—|—2 2 -5t p( 127 5 12); <—q)
Thus, the mass eigenstate of K is obtained as:
Ka) = plK) - qE) P VATt

| It is clear here that q/p# | occurs |




CP non-invariance of K system

So the mass eigenstate is a mixture of two CP eigenstate!

Ks) = =5 (1K) +aK"))

_ D q 9
_ [<1+p>|f<1>+<1 p>\K2>>]

K° and K° can mix!

2

K1) = 25 (K~ oK)

_ by 4 4
= 2Dk + 0+ Dika)

7> The box diagram induces an oscillation.
7> But the CP violation can occur only if there is a complex
number in the weak interaction




Our universe was born 13.7 billion years ago
Extremely high temperature (4000K=10'° GeV)

As the universe expanded, the temperature rapidly decreased.

During the first few seconds...

At the beginning, it was in the thermal equilibrium.

High energy photon Pair creation Pair annihilation

proton positron neutron
o anti-proton o electron o anti-neutron




BARYON ASYMMETRY

~ When did the anti-matter disappeared?!™

Our universe was born 13.7 billion years ago
Extremely high temperature (4000K=10" GeV)

As the universe expanded, the temperature rapidly decreased.

In reality, a tiny number of particles remained for some reason!

Then, the remaining particles created Helium!

0 QO
aoo +
+,
S p 000
oo
& 4 v

This question is still a mystery in particle physics...

N4 A — 4 > 4

anti-proton electron anti-neutron




BARYON ASYMMETRY

~ When did the anti-matter disappeared?!™

Our universe was born 13.7 billion years ago
Extremely high temperature (4000K=10" GeV)

As the universe expanded, the temperature rapidly decreased.

In reality, a tiny number of particles remained for some reason!

Then, the remaining particles created Helium!

So far, what we know is
When the temperature is about 10'> GeV, number of particle exceeded to number of
anti-particle. In order to this to happen, the following three condition has to be
satisfied:
1, Baryon number violating reaction to occur
2, C and CP violation to occur

3, Non-equilibrium state to occur
Sakharov’s three conditions

This question 1s still a mystery 1n particle physics...




Charged Current
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Different strength for
different flavours!?!

U d S U Sy
@@Lq;ﬂr-g is even
W W " Dot
> | P, P

Physical Down-3¢range quarks are defiyed as S &
d’ . cosf. sinf, d
s’ —sinf, cos6, s

sin 6. = 0.22, cos 6..

hadron
JM




Neutral Current

Nt ¢
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< { "-S*::.

down strange bottom
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* Actually forbidden...




Forbidding the FCNC
~ GIM mechanism ~

u

Y Yﬂavour Changing
YZ VZ Neutral Current

U S d

(FCNC)

allowed not allowed |

If SU(2) doublet is

Prediction of
charm quark!

Ve vy, U c
e |’ o)’ dcosO. + ssinf,. |’ —dcosf,. + ssin 6.

The cross-term would cancel out!




Forbidding the FCNC at loop level
~ GIM mechanism 2~

S d s WT d
\ /
FCNC at loop
; A YZ level
not allowed allowed




Forbidding the FCNC at loop level
~ GIM mechanism 2~

not allowed

VZ

allowed

d

FCNC at loop
level

S

s WTH d
%’VZ f(m)Loop Functi

on

(spsinf.urp)(ugcosb.dy) f(my)

—(8co

W d
%’YZ

At the limit of mu=mc, two diagrams exactly cancel!!!




Forbidding the FCNC at loop level
~ GIM mechanism 2~

S d s WX d
\é/ FCNC at loop
YZ YZ level
not allowed allowed
s Wi d s Wi d
v Z Y Z
_— — Note: here, two-generation is assumed. Once \\

the top quark is introduced, the FCNC at loop level becomes significantly large!

\ (we’ll see soon...)




Forbidding the FCNC at loop level
~ GIM mechanism 2~

S d - 7
< —— <
u,C
YZ Wt W™
i 5 d_,2%es . s
not allowed allowed FCNC at loop
level
s < - < d S - - - d § - - - d
U C =
W+ W= W+ W~ W—I— W~
C
4 > fL’L > 2 d > ?i > > d > > > 5
(sin . cos 0.)? f(my,) —2(sin .. cos 0.)% f (my, me) (sin 6. cos 0.)% f(m,)

Again, at the limit of mu=mc, three diagrams exactly cancel.




Theoretical description of
Electroweak Interaction of SM

N~
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,§\\’7
// Electroweak interaction
A

& g
T2 (e

L = Z EiL (@) Eir, + Lir(id)lir + Qi (i@)Qir, + Wir(i@)uir + dir(id)dir

+g(W;J5V+ + Wb+ Z,JY) +eA JgM]
a0 gt
Ly = ZY%'?Q@'L( ;f— )ujR+Zifi?QiL( ¢Of ) JR+Zm L( ;%T )ljR+h'C'
1] 1]

1 — 1+
qu( 275)(;, QR:( 275)61, A = [, lp=

Bu= () b= () pBa= (1)@= () 0= () = (),

UlR = UR, U2R = CR, U3R =tR, digr = dR, dor = SR, dsp =br, lir = €er, lor = UR, lsr = TR




Charged and Neutral Currents

W, 2,y
1 —
E(VZT’YMLZ'L + Uity Dir) _§
1
V2

(Lity*vir + Dy Uir)
1

v cos Oy,
1 2 2

—I—m7“(§ 3 sin” 0,,) U1, + mv"(—g sin” 0, uig

_ 1 1 S 1
‘I'DiL’)/M(—E + g Sin2 Qw)DiL + diR’y’u(g Sin2 ew)diR ]
_ 2 — 1
Ly (=)l + Ty (g )us + diy (= 5)ds

1 S 1 . — )
VTLW“(?V@L + LiL”Y'u(_§ +sin® 0y,) Lig, + Liry" (sin? 0,)lig




N

/ Yukawa Interaction (quark)
Ly :( Z:i )ujR+( _ﬁ)—T )de+h.c.

>
Yukawa coupling Spontaneous Symmetry Breaking

(generic 3x3 matrix) (67 _
VAC =V
\/’lf} =Y (") vac, mi; =Y He")ac

Ly = Z m%UiLujR + Z mng—iLde + h.c.

1) 1)

Up B ) dp
(wr,,Cr,tr) m% CR (dp,31,b1) m@dj Sk
th b
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,\// Yukawa Interaction (quark)

b
=
Mass eigen-basis KYPyjr: 3x3 matrix, “N”is for 3 vector
~A u .~/ A u ~/ 7 d 7/ 7 d q/
UL—KLuL, UR—KRUR dL:KL L5 dR:KRdR

ul ut wru dr dt dr1-d
mdiag _ KL m KR? mdiag — KL m KR

ex. down-type ~ dr
b

Mms@'fumg

the unit matrix

N
h
R
o 3
SH
om§ o <
o o
N—
<>
oy
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/ Charged and Neutral Currents
/;,\/ on the mass basis

s =

W,Z,~
1 A A
J'u+ = —(u .ud
W \/5( Lytdr) é
1
V2
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//\ CKM matrix elements

é/: Strength of the weak couplings between different flavours
N L Vud Vus Vub dL
Ji = (@r.cr,t) | Vea Ves Ve SL
Via Vis Vi br,

It turned out that
the CKM matrix is close
to diagonal!

It contains many information.
Ex) the life time difference of
K, D, B:

To<<Tk, Tp<Ts




~Y

/%\ CKM matrix elements
-
-

Strength of the weak couplings between different flavours

Vud Vus Vub dL
J/VLV+ — (E: Ea E) Vcd ‘/03 Vcb SL
Via Vis Vi br.

It provides a source of CP violation!

It took nearly 10 years to find the solution for this
complex coupling since discovery of CP violation...

Parameter counting of the unitary matrix to go to
diagonalize the Yukawa coupling

Unitarity condition| T = 1 — 2n2 — n? = n?

'

Phase convention n® — 2n—1)=(n— 1)2




~Y

//\ CKM matrix elements

/ L

{ Strength of the weak couplings between different flavours
N - Vud Vus Vub dL
J{/[L/ — (ﬁa qa tL) ‘/cd ‘/cs Vcb SL
Viae Vis Vuw br,

/ﬁvo generation, only | rom

remains while for three generation, 3 rotations
plus | phase remains (prediction of the 3rd

\ generation). _

Unitarity condition| T = 1 — 2n2 — n? = n?

'

Phase convention n® — 2n—1)=(n— 1)2




3 mixings and | phase

phase. The rotation is defined as follows:

cos 619 sin 619 0
w(012, 0) = —sin 912 COS 012 0 (1)
0 0 1
cos 13 0 sinf5e
w(@lg, 51) = 0 ‘ 1 0 (2)
—sin (91386_251 0 cos 013
1 0 0
w(923, 0) = 0 COS 923 sin 923 (3)
0 —sinfys cos 093

Then, the standard CKM matrix is obtained by choosing to multiply these matrices in the following
order:

VER = w(023,0)w (613, 61)w(612,0). (4)
)
C12¢13 ’ $12€13 ’ S13€
_ . . 1 _ 7
V= S12€23 012523513?5 C12C23 7 512923513°€ S S23C€13 | >
_ 0 _ _ i
S12923 7 €12C23513°€ C195937912C23513¢ Co3Cq3

We need experimental verifications that all 9 complex elements
can be explained by the 4 input parameters.




A new parameterization

phase. The rotation is defined as follows:

cos 619 sin 619 0
w(912,0) = ( —Sin912 COS 012 0 ) (1)
0 0 1
/ cosloa 0 ein A0l \

We re-parametrize in terms of A,A, p and n:
sin 012 = )\, sin (913 = A(p — 177))\3, sin 823 = A)\2

Realizing the hierarchy in the matrix, we
Then,

order: expand in terms of A~=0.22:
sin (912 — O(A),Sin 623 — O()\z), sin 913 — O()\3)

C12C13 R 512013 S 513°C
P . _ 1 L 1
V= 512C23 7C12%23%13¢  C12C037512%23513¢  Sa3C13 |

10 10
S19593 7 C12C93513€ —C195937519C93513€ C23C13

We need experimental verifications that all 9 complex elements
can be explained by the 4 input parameters.




Wolfenstein’s parameterization

Vua Vs V Expansion in
VCKM — Vcd chs Pd )\
V., V. order
1 —\2/2 AN3(p @
= A 1 — >\2/2 + O\
AN (1 — p —AN?

(1)\2/2 )\ 8

AN3(p
1—MA2/2+( 1/8 A2 /2) )4 A)\
A)\31—,0@ A>\2+A>\41/2—

Expansion in
order \*




#//\q Computing q/p for B system

Loop function
dominant=top quark

T
In the B system, we have M,>>[ ,, thus
q _ M7y — %FE N M, — oio
p Mz — 512 Mo
4 A
T o16r2 T2

XTQCD

(B°|(db)y_a(db)v,|B )

mp

\ Strong interaction part

DONE!




#//\q Computing q/p for B system

-
In the B system, we have M,>>[ ,, thus

q _ My — 511, My,
p Mo — %Fm M

"/ If the Kobayashi- \.
Maskawa ansatz is
correct, the CP
My = mW( violation in B system

should be very
(BY](¢ large!!!

q —27 ar - e Z
S = 7 g B factories!
p 7 <

. )




CP violation in K system
vs B system

K system . t We can know the CP

the decay length.

CP EVEN of the original particle from
@ b
@ CP ODD

=S

CPIKY) =+ (K" +K) Ks) =
= |Ky) CP EVEN =
CPIK) = ——(K") ~[K") K =

= —|K2) |cp oDD




CP violation in K system

K system

vs B system

— >t Ve can know the CP

N\
O—=%

of the original particle from
the decay length.

t=0

B system

N\

We can NOT know

o=

what was the CP of the
original particle...
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7 Time evolution formula

e
-
Let us describe the time evolution, in terms of the Hilbert space:
U (t)) = a(t)|B) + b(t)|B)
The time dependence can be described by the Schroedinger equation:
) . a(t
AR TOSR TOR (il
where the Hamiltonian is given as

H=M- 1 :<M11—%F11 M12—%F12)

: ;
Moy — 5191 Moo — 5192




4 Time evolution formula

H=M ! :(Mn—%rn M12—%F12>

: :
Moy — 51’91 Moz — 5192

Using CPT invariance (M11=M22, '11=I22) and M and T being Hermitian, we find the
eigensystem of this matrix:

? B ? q 1 D
My +-I'y = Mpj;— =T — | M1s — =T'12 | ;
1+21 11 211—|-p< 12 212), (q)
( B ? q ( D
My + -T's = My —=I'y1 — = | Mis — =T'12 | ;
2-|-2 2 11— 5ln p( 12 7 5 12), (—q)

Thus, the mass eigenstate of K is obtained as:

B) = plB)+dB) wi q:i\/
By) = p|B) —q|B) P

* 1 T *

M5 — 517,
i

Mo — 3112




/ Time evolution formula

2

Now, we obtain the time evolution of the B states:
q -
= f+()[B) + z_?f_ ()| B)

= f+<t>|E>+§f_<t>|B>

These states were

B or Bbar at t=0.

I _, | iy .
where fi = §e_ZM1te_§F1t [1 +e ZAMteaAFt]

with - AM = My — M;, AI' =11 —1's +signforqlp

If p/g+# |, B and Bbar states behave differently.




Flavour specific mixing CP violation
(CP Violation in oscillation)

> €




Flavour specific mixing CP violation
(CP Violation in oscillation)

A*‘y

First, B® and BO are pair
produced!




Flavour specific mixing CP violation
(CP Violation in oscillation)

to tell about the other side.




Flavour specific mixing CP violation
(CP Violation in oscillation)

®2 o @2
[? A*"'y ©

D+ —
e-

k vl

V

ot e




Flavour specific mixing CP violation
(CP Violation in oscillation)

/ ~ (B
%
xp“ Note: in this method, one can

test |q/p|# | but not

arg[q/P]¢‘)’/

e I(B'BY - XI+T) —~T(B'B° — XI-17)  |p/q/*—1
I'(B'B° — XI+1+)+ (B B° — X1-1-) Ip/al*+1




Flavour specific mixing CP violation
(CP Violation in oscillation)

_ 4 B
B() = f+(t)|B>+§f(t)lB> /G
= = —
B®) = OB+ 0B Wy S
=

o’
D+ A“*“

decay rates, we have
to square the amplitude.
Then, the phases
e-

V

t

To obtain

disappear!

(I X[HAB=YB(t)) = f4 ()1~ X[ P="|B) + gf_ (t) (I~ X|HAP=1|B)




Flavour Non-specific mixing CPV
(CP Violation in oscillation)

| could come both B and Bbar! | ex: JIPK; final state
@/ ‘ @/’ m
® 5 ® >0
@ @ .

.
D+\ *‘ D_(\A
e-

w4

V V

B(t) = f+(t)|B>+%f_(t)|§>

B(t) = f+(t)!§>+§f_(t)yB>




Flavour Non-specific mixing CPV
(CP Violation in oscillation)

ex: JIPK; final state
could come both B and Bbar!

B(t)) = f+<t>|B>+§f_<t>|F>

B(t)) = f+<t>|F>+§f_<t>|B>

(J/WEHAPTHB(t)) = f+(t)<J/wKs|HAB:1!B>+%f—(t)<J/¢KSIHAB:1|§>

(JJWKHAP=HB() = f+(t)<J/¢Ks|HAB:1|§>+§f—(t)<J/¢Ks|HAB:1IB>

We assume... B
(JJYKHAP=YB) = (J/y K, |HAP=L B) o << Mis




Flavour Non-specific mixing CPV
(CP Violation in oscillation)

| could come both B and Bbar! | ex: JIPK;s final state

®,0 @/_1@
-~ * ©

D+ $—_ ¥ * D- f\k
/ In SM,
e- v et 7 ]% _ o2 arg(Vj;Via)
—0
"B — J/YK,) —T(B° — J/YK,) P




ing CPV

IX

ficm

-speci

Flavour Non

ation

\W
o~
= SUNSY
m N—
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Q ~
_e <
- W_
=l
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e,
AN A AT,
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A i .
x_____________ Ll
§ § SS°S38 § 8 SS°93
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Test of Unitarity of CKM
|

VCJ/LKMVCKM — (

SO = OO =
O = OO CORE i —

_— O O = O O
S

VCKMVC]:KM — (




Test of Unitarity

Vud Vus Vub
VC’KM — Vcd ‘/cs ‘/cb
Via Vis Vi
1—)\2/2 A AN (p —in)
= —A 1—\2/2 AN + O\
AN (1 —p—in) —AN? 1

Unitarity: 9 complex numbers can be replaced by the 4 real
number parameters

U

We must test at which extent
this is satisfied!




Unitarity triangles

Vudvjs + VCdVC*S + thV{Z =0 VUd‘/th + Vus ch + Vubvgl; =0

N~ " ~" \/_/ W_/ ~" ~"
o) 0K 009 o) 00 om@

VuSVJb + Vs ‘/C% + Vis {Z :. V%dvctl + ‘/tSVc*s + V;fbVZZ Va
e N N @ ——— = =
O(A\4) O2)  O(\2) O(A%) o2) 02

V¥ Vi + V2 Vap + Vi Vi Via Vi + Vg Vit + Vig Vi @
O(A3) O(A3) O(A3) O(A3) O(A3) O(A3)




Unitarity triangles

Vudvjs + VCdVC*S + thV{'; =0 VUd‘/th + Vus ch + Vubvc? =0
N N e/ N——r SN N —r N
O\ q Yo(15) @
k >k
ViViek + Vo, Vie + V3 Vig =0
—— N — \\:_/
a b ¢ o
Vs Vi + Vi, tbVey, 7
—— — —
O(A%) O — - D(A?)
C b
q
ViaaVub + VA a

~N ~— N——" \/
O(A\3) OA3)  O3)




Unitarity triangles

VudV;S -+ Vch:S —+ th‘/z; =0 Vudvd -+ VUSV* + Vubvb =0
—_— = = S—— ~~
o) o) 00 o) oK) 0() @
f K physics f D phy5|cs
thV — VtsV* — V%bV
Vusv VcsVC* + ViV =
_ b w O(A4) (9(>\2) (’)(A2)
(9(>\4) O(V) O(A?)
Bs physics
- - - %dVd+%3V*+‘/}be—O
e Unitarity Triangle!| ——
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The Unitarity Triangle

Vid Jb -+ VchSZ) —+ V;gd‘/;;g = ()
~—— ~— ~——

AX3(p+in)  —AX3  AX3(1—p—in)
Im o
NN divide by AN3
Vud‘ rjb ¢2(o¢) ‘/%d t}l; Vi Vg
org (vvr) =0
¢3(7) ¢1(5) : _
Bl AL — Re GTQ (Vizvii) = — 2

(0,0) V.V (1,0) Wg(vc*bvcs): "
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Determination of the
CKM matrix




Determination of the CKM matrix:

sin2®; (B) (phase)

Vud Vus Vub
Vexknm = Vea Ves Ve
Ve Vi
Im o
+ (P17
]
¢1(8
- 1) > Re
(0,00 P (1,0




Nk

CP asymmetry in B—)/pKs

SJ/¢KS SinAMB t

oscillation

o
=
_ I(B°(t)—=J/yKs)-T(B°()—J/pKs) _
Agpprs(t) = T(B°(t)—J/wKs)+T(BY(t)—J /v Ks)
M12 A(E — J/wKs)
= I
PareKe = M\ S h A(B — JJ0Ks)
o 12 o ,
| oscill. decay _

VieVig Ve Vi
V;;(k) V;ﬁd V;;) %s

Im

| oscill. decay _

sin 2¢1
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P asymmetry in
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Determination of the CKM matrix:

sin2®;, (X) (phase)

Vud Vus
VCKM — V ‘/cs cb
Vis Vo

Im
r (p1)
77 P2 ()
- — Re
(0, 0) P (1,0)




=S +,-sinAMp t

oscillation

o
=
A ()= P () = mnT) ~T(B) = )
mtw— —
T(B (t) — m+n—) + T(BO(t) — wtm)
S _ My A(B — mtr™)
whas = AR M{, A(B— ntn—)
N\ 7 \\ ~~ J/
| oscill. decay i
g | VoV Ve
thv%d VubVUd
B os‘c;ll. de‘cray ]
= sin2¢s(a)

A

Aﬂ/\ﬂ
B o o,
\e e

* Assuming tree-dominant...




A - (1) = _ = S +.-sinAMp t

Penguin pollution
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oscillation
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Including the measurements with




Determination of the CKM matrix:

IVub| and  |Ve|

Vud Vus @
VCKM — Vcd ‘/cs w
Via Vis Vi




Determination

of the CKM matrix:
|Vub|

Vid Vs  Similar in Vel
VCKM — chd ‘/cs Veb
Via Vis Vi

Exclusive process

A(B — 7lv) |Vub|FB_”T(q2)
|Vub|=(3.89+£0.44) | 03

Inclusive process

d\fb

t@g | %@j
Optical theorem

S IAB — Xulv)? o Vi 2 £ (2, i, )
Vus|=(4.27+0.38) 1 03




Determination of the CKM matrix:

X

IVedVib |
Vud Vus Vub
Vekm = Vea Ves Ve
Vvts Vvtb

Im
¢ (P 7)

n Vid {2




Determination of the CKM matrix:

VedVeb |

Vud Vus Vub

VCKM - V. : ‘/CS ‘/Cb Perturbative
@ Vvts Vvtb QCD correction

AM=|VigVip|

Loop function
dominant=top quark

AMd(OC |M12|)
_ G%m%{/ 2 my
— ]_67'('2 0 m‘%‘/ ') TIQCD

T (@) —a(d)—a D

Main source of the hadronic uncertainties
in determining |Vtb|:
Lattice QCD computation very important!




Determination of the CKM matrix:

ViaVio | and |VisViw |

Vexkv =

Vud Vus Vub
Vea Ves Ve
) Vi

Some hadronic uncertainties cancel in the

ratio between AMy and AM;

AM¢=|VidVes |

AMs:> | thvtb*|




Combining the constry?

Simply overlapping

IIF'1__ the different
] constraints does not
- Sin2f give a right confidence
0.5~ level.
B §, An applicaton of
i appropriate statistical
or methods is crucial to
I test the unitarity!!
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We can say that the main part of the CP
violation comes from the complex phase in
the CKM matrix. However, there is still a
ossibility that the unitarity is not exact for




