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CP “invariance” of K system

L £ 4 [ £ 4

How can we make two CP (+ and -)
states from K%and K°?

CPIK) = |K
CPIK) = |K° K =ds

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

1 0 —0

R CP|IK1) = +E(|K )+ [K))

K) = (K +K") T
1 1 0 —0

Ky) — 7(|K0> K l; CPIKz) = — (K%)= [K)

—~ —|K,) |cPoODD




CP “invariance” of K system
Distinguishing K| and K3

By the decay channel By the life-time

Mk=498MeV
— @ Mr=140 MeV
Phase space for 211 is about 600

@ larger than for 31T
:II : 4 )

(K1) ~ 0.90 x 1079
@ r(Ky) ~ 5.1x10"%s
/ - Y
@ i’ @ Accidental phase space

@ suppression:
short-lived K is K| and long-

lived one is K»




CP non-invariance of K system

Cabibbo (1966)




CP non-invariance of K system

First observation of the CP violation

0<q

- @ Water
Scintillator —#y cerenkov
‘ Magnet
1 view ]
foot
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Long-lived K3
decaying to 2T11!!!




CP non-invariance of K system

We thought... 1
—0
1, CPIKY) = +—(IK°) +[K")
K1) = 7(\K>+\K )) :> _ |k, [cPEVEN
1 1 _
o) = (K%)= &) CPIKz) = (K = [K)
But, actually K? and K° can mix through box diagram.
’ — Thus, they are not mass eigenstate.
1 —0
4 : Ks) = — (plK") +qlK
K° and K° can mix! Ks) \/i(p‘ ) +4lK)
_ 7 . 1 0 —0
s, . .d Ki) = o5 (K%) — oK)
u,c,t
K® ot w— LS If g/p=1,
d u,c,t - the mass eigenstate Ks/.

- - - “
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,;// Oscillation with Weak interaction

-
Now we diagonalize this matrix
H=M-— -T
2
_ ( My — $T11 Mip — 5T )
Moy — 5021 Moy — 5199

Using CPT invariance (M11=M2z, I'11=I22) and M and T being Hermitian, we find
the mass eigenstate P, and P;

Py = pP)+aP) ¢ [Mp-im
Py = plP%) —qP") P Miz = 5T
0 _ 0 q -0
|P <t)> - f"’(t)‘P >_|_ pf_(t)‘P > : fj;(t) _ %e—i(M1—zT1/2)t [1ie—i(AM—|—iAF/2)t

P'(t) = f+<t>\P0>+§f_<t>rF”>

Time evolution formula
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7 Decay width with Weak interaction

o__e© v

> t
t=0 t=At

@~ ©o
A(f) = (FIHAF=H P A(r) = (FIHAF=Y P
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<7 Decay width with Weak interaction

L2
=

o -~

-

t=0

A(f) = (FIHAFS

t=At
1\P0> A(f) = (fIHAF=1P")

L(P°(t) — f) o G_FltlA(f)|

L(P'(t) — f) e‘F”IZ(fH

t)+ K_( (31@) + 2Re _L*(t) @@
K. (t)+ K_(t) 5 1@) + 2Re _L*(t)

Ki(t)=1+e2t £ 2¢72% cos AML, L*(t)=1—e2 4 2iez T sin AMt




Time-dependent CP asymmetry in B decay
Time-dependent CP asymmetry is defined as (f is some CP eigenstate):
L(B°(t) — /) ~T(B (1) - f)
L(BY(t) = f)+T(B (1) - f)




Time-dependent CP asymmetry in B decay

Time-dependent CP asymmetry is defined as (f is some CP eigenstate):

[(B°(t) — f) —T(B (t) — f)
[(BO(t) — f) + (B (t) — f)

In B meson, system, we can use Al << AM, which simplifies our formula:

T BO _
( ()—>f) ( () Sm AMBt@COS AMB@
I'(BO(t) — f)+T'(B ( ) —
A(B —f) A(B —>f)
Bl (q A(BO—>f)) Cf L= A(B°—f)
5 - =0 2
AB—p) | A(B_—J)
A(BO=)) 1 + A(B%—f)

Sy =

1+|




Time-dependent CP asymmetry in B decay

Time-dependent CP asymmetry is defined as (f is some CP eigenstate):

[(B°(t) — f) —T(B (t) — f)
[(BO(t) — f) + (B (t) — f)

In B meson, system, we can use Al << AM, which simplifies our formula:

T BO _
( ()—>f) ( () Sm AMBt@COS AMB@
I'(BO(t) — f)+T'(B ( ) —
A(B —f) A(B —>f)
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Time-dependent CP asymmetry in B decay

Time-dependent CP asymmetry is defined as (f is some CP eigenstate):

[(B°(t) — f) —T(B (t) — f)
[(BO(t) — f) + (B (t) — f)

In B meson, system, we can use Al << AM, which simplifies our formula:

I'(B°(t) — f) —T'(B () ) £ sin( AMBt@COS AMB@
[(B(t) — f) + (B (t) — f)

A(B —f A(B —f

g 2I'm (q AEB0—>f§) o 1 — AEBO—J;
f = —0 ) f = —0 )

A(B —f) A(B —f)

1+ ‘A(BO—>f) L+ |\ ZE=p

Asymmetry is nonzero only when there is a




Plan

® |st lecture: Introduction to flavour physics

* Weak interaction processes (charges, neutral
processes, GIM mechanism)

* Discovery of CP violation in the K system

* Measuring oscillation in the B system

® 2nd lecture: Describing oscillations within SM
* Kobayashi-Maskawa mechanism for CP violation

* Testing the unitarity of the CKM matrix
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® 3rd lecture: Searching new physics with flavour
physics

* Some examples in the past

* Some examples in the future



Where is the complex number in
SM?!

Theoretically, there are only a few possible
couplings which can be complex in SM!




Where is the complex number in
SM?!

Theoretically, there are only a few possible
couplings which can be complex in SM!

It took nearly 10 years to find the solution for this complex coupling...

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

Unitarity condition| JUT = 1 — 2n? — n? = n?

V

Phase convention n’ — 2n—1)=(n— 1)2




Where is the complex number in
SM?!

wicawa few %
For two generation, only | rotation
remains while for three generation, 3 rotations
plus | phase remains (prediction of the 3rd

generation).
go to diagonalize the Tukawa coupling

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

V

Phase convention n’ — 2n—1)=(n— 1)2




3 mixings and | phase

phase. The rotation is defined as follows:

cos 019 sin 019 0
w(912, 0) = — sin (912 COS 912 0 (1)
0 0 1
cos 013 0 sinfy3e 1
w(@lg, 51) = 0 ‘ 1 0 (2)
— sinfy3se”1 cos 013
1 0 0
w(923, 0) = 0 COS (923 sin @23 (3)
0 —sinfys cos 093

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

Vi = w(Ba3, 0)w(013, 1)w (012, 0). (4)
—10
C12¢13 ’ S12€13 ’ 513€
- _ . 1 L 1
V= S12Ca3 012323513?6 C12€23 7512%235913°€ ’ S23C13 | >
v ?

512523 7C19C93513€ —C195937519C93513€ Co3C3




3 mixings and | phase

phase. The rotation is defined as follows:

cos 019 sin 019 0
w(912, 0) = — sin 1912 COS 812 0 (1)
0 0 1
cos 013 0 sinfize”1
w(@lg, 51) = 0 1 0 (2)
— sinfy3se”1 cos 013
1 0 0
w(923, O) = 0 COS (923 sin 823 (3)
0 —sinfys cos 093
Then, the standard CKM matrix is obtained by choosing to multiply these matrices in the following
order:
ngéi)/[ = w(ezg, O)w(@lg, 51)&)(912, 0) (4)
—10
C12€43 ’ S12C13 ~ S13€
_ . . 1 . 1
V= S12Ca3 012323513‘?6 C12€23 7512%235913°€ ’ S23C13 |
L 1 L L 1
512523 7C12C23513°€ C128237512C23513¢ Ca3Ci3

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 019 sin 019 0
w(912, O) = — sin 1912 COS @12 0 (1)
0 0 1
/ faTal< O. . () M_i5l \

We re-parametrize in terms of A,A, p and n:
Sin 912 — )\, Sin (913 — A(,O — 7;77))\3, Sin 623 — 14)\2

Realizing the hierarchy in the matrix, we

Then,
order: expand in terms of A~=0.22:
sin (912 = O()\), sin (923 = 0()\2), sin 913 = O()\S)
C12C13 5 512713 JE
- _ . 1 L 1
V= S12Ca3 012323313?6 C12€23 7512%235913°€ ’ S23C13 |
L 7 L L 7
512923 7 C12C23913°€ C19993 79126235136 C93C3

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




Wolfenstein’s parameterization

Vud Vus Vub
VCKM — Vcd Vcs ‘/cb

Viae Vis Vi



Wolfenstein’s parameterization

Vud Vus Vub \
Vorns — ( Vo V. V. ) N}e\v:/A\ paramdeters.
Via Vi Vi APIEN




Wolfenstein’s parameterization

Vud Vus Vub
Vexrny = Via Vee Vi Phases appear at
Via Vis Vi |3, 3| elements

1 —A%/2 A AN(p @
= —A L=X%2 AN + O\
AN(1 - p —AN? 1




Wolfenstein’s parameterization

Vud Vus Vub
v B v Expansion in
CKM — cd cs order )\
Via  Vis th
1 — )\2/2 AN3(p @
— 1 — >\2/2 + O\
AN (1 —p @ —AN?

1—)\2/2 e A)\3
— 1—A\2/2 4 ( 1/8 )\4

A)\?’ 1—,0@ —AN? + AN 1/2—

Expansion in
order A\*
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In the B system, we have M 2>>1 |, thus

Computing g/p

ANE

N

2o

M7y —
Mio — —F12

Loop function
dominant=top quark

X7QCD

(B°|(db)v_a(db)v,|B )

mp

N

Strong interaction part
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In the B system, we have M 2>>1 |, thus

N 4 Computing g/p

M, — 2T,
Mio — —F12

f'\J

Loop function
dominant=top quark

(B°|(db)v_a(db)v,|B )

mp

\ Strong interaction part

DONE!




7" Computing A(B—jipks)/A(B—jiKs)

S AB’ - JJuKs)
@_ < 4GF * _ _ L —0
d = —=Va Vo ,C(J/YKs|spyubrepyer|B)
\_ \/§ \
- Strong interaction part
b B A(BO — J/wKs) /
4Gy

= W‘@VasCU/leﬂ(EL%bLELV“CL)T|BO>




7 Computing A(B—Jwks)/ A(B—pks)

C B — J/YKs)
0 itc v -
; —VbV C<J/¢KS’8L’}/MI)LCL*}/ CL’B >
Strong interaction part
A(B® — J[¢Ks)
er /

T‘/CbVCSC<J/wKS|(SLV,LLbLCL’Y'UJCL)T|BO>
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7 CPasymmetry in B—J/YKs

s

?i%e-dependent CP asymmetry is defined as (f is some CP eigenstate):
—0

L(B°() — f)—T(B (t) = f)

L(BO(t) = /) +T(B(t) = /)

In B meson, system, we can use Al' << AM, which simplifies our formula:

F(Bo(t) — f) — I‘(EO(t) — f) _ ff sin(AMBt@ COS(AMB@
T(BO(t) — f) +T(B (t) — f)

23 Im (g A<§°—>f>) 1 _ |AB =1
C

o p A(BO=7) T as=n
= 3 2 ;= 3 2

A(B —f) A(B —f)

1+ |A(B—0—>f) L+ 1 aE=p

—24 arg(V, Viad)

— €




/».
=

AJ/¢KS (t) —

CP asymmetry in B—)/pKs

P(B ()= J/YKs)-T(B°(t)=>J/YKs) _

D(B° ()= J/$Ks)+T(BO(t)—J/¥Ks)

STk,

M12 A(E — J/wKs)

Im

VirVia VebVes

Im

| oscill. decay

Sin 2@/51 (5)

| oscill. decay

VipVia Vi Ves

M, A(B — J/YKsg)
N = ),

SJ/¢KS sin AMB t

oscillation
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/" Computing A(B—-mm)/A(B—mr)

Assuming tree-dominant...

'Qd :

N\, 50
AB -7 n)

4G _ — 0
-y WV EC(n T “|uryubrdiytur|B )

NG
Strong interaction part
ABY - ™) /

4
\C/T%FV VudC<7T I8 \(uLvﬂdeLw“uL) ‘BO>

:@

1 A
Y
S

A

W\

Y A
Ql & &

f
@

-
\_

Y

®A®

N
r

d
O:
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/ Computin g A(E%Tr*ﬂ')/ A(B%Tr*Tr)

Assuming tree-dominant...

(" n —0 _
« < ge AB" —nr7T)
' > > U 4G . o — —0
g ﬂ@ = —\/g uqudC<7T+7T \UL%deLV”uL\B >
d
Y,
N

S

™~

Strong interaction part

ABY — ntn7) /

AGp . o -
V2
J

> > (]
< § < _G

u
> u
\E

.@ N\ [
o &
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/7 CPasymmetry in B>

s

ﬁe-dependent CP asymmetry is defined as (f is some CP eigenstate):
—0

L(B°() — f)—T(B (t) = f)

L(BO(t) = /) +T(B(t) = /)

In B meson, system, we can use Al' << AM, which simplifies our formula:

F(BO(t) — f) — I‘(EO(t) — f) _ ff sin(AMBt@ COS(AMB@
T(BO(t) — f) +T(B (t) — f)

oIm (g A<§°—>f>) | |AB=n |
C

o p A(BO=7) T as=n
= 3 2 ;= 3 2

A(B —f) A(B —f)

1+ |A(B—0—>f) L+ 1 aE=p

—24 arg(V, Viad)

— €




= S7r+71-— sin AMB t

oscillation

p p— 5
(B (t) »ntn™)+T(BY(t) - ntn—)
Mis A(B — nrn™
St Im 12 A )
M;, A(B— mtn—)
\/\ -~ 4
| oscill. decay

VioVig ViV,

Im

oscill.

sin 2¢9 ()

ViiVia V. Vi
N’ N’

decay

o &
A
 Z
N\
Y A
Y
el & Sl .

@0

* Assuming tree-dominant...



v
=
B S aTTT) — 0 — Tt
Apio-(t) = F(Eo(t) mn) DB — mrr) = S;+-sinAMp t
(B (t) »ntn™)+T(BY(t) - ntn—)

SRS
Penguin pollution _ r

prevents a precise

oscillation

KQ.“QM of P, (x)

—

Including the measurements with




Test of Unitarity of CKM

VienVorm = (

O O = GG
O B O R —

_ O O = O O
S

Verm Vi = (



Test of Unitarity

Vud Vus Vub
VCKM — Vcd Vcs Vcb
Via Vis Vi
‘ 1—\%2/2 A AN3(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

ViudVys + VeaVig + VigVis = 0

—_— = =
O(A) O(A) O(A°)

Vusvf;b + VCS ch;) - ‘/;58 tb -
—_— = =
O(A%) OA2)  O(A2)

Vi Vub + Vg Vo + Vig Vi
Hf—/ — =
O(A3) O(A3) O(A3)

[©

Vudvcti + Vius ch + Vb 52 —
—— N N —
O\ O\ OO) @

ViaVeq + VisVes + Vo Ve
Rf—/ \/—/ Rf—’
o) 02 O\

VudViy + VeaVi, + ViaVi,
N N N~
O(A3) O(A3) O(A3)



Unitarity triangles

VudV;S -+ Vch* —+ th‘/;; = (

Vudv Vvusvv>l< + Vubvb =0

\,_/ R,—/ \,_/
e

tb 5) Va
—
D(A2)

O(N) ¢
>k >k
ViVie + Vo Vig + V3, Vi =0
— =
a b
Vusvjb—|_‘/;
——
O(\4) O —
C
ﬁ
V¥ Vs + VL a

W—/ W—/ —
O(A3) O(A3) O(A3)




Unitarity triangles

VudVis +VeaVig +ViaVis = 0
—— N N
O OM) OO

L -

Vus Vf;b =+ VCS Vc;;) - ‘/;58 tb —
—_— = =
O(A%) O(A2)  O(?)

/

V Vub —+ VC*;chb + Vttlvtb =0

O(AS) O(A?’) O(Ai”)

Vudvctl + Vius ch + Vb c>|l<) —
—— N N —
O\ O\ OO) @

—

ViaVeg + VisVes + Va Ve, = 0
R/—/ \/—/ ~——
O(A%) O(A\2)  O(2)

/

—_—— D
OO3)  O(M3) O3

N N




Unitarity triangles

Vudvf;s + VchCZ —+ thv;; =0 Vudvcil + Vius ch + Vb c>|l<) —
—— N N — —— N N —
on o oM o o on) @
J K ph)’SiCS D Physics

ViaVeg + Vis Ve + ViV = 0
— = =

ViusVip + Ves Vi + Vis Vi =4
U ub T o8 T et @ O O(2)  O(\?)
O(A%) O(N\?) O(N?)
Bs physics
deVub —+ VC*;chb + Vtzvtb =0 %dVJd -+ VtSV,;S -+ V%bV;b =0
—_— Y= = —_— = =
O(A3) O(A3) O(N3) O(N3) O(A3) O(N3)

/\ B4 physics /\




Unitarity triangles

ViudVys + VeaVig + VigVis = 0

—_— = Y=
O(N) O(N) O(N%)
f K physics

Vus Vf;b =+ VCS Vc;;) - ‘/;58 tb —
—_— = =
O(A%) OA2)  0(2)

Bs physics

S s S

e Unitarity Triangle!

AN/

o &

/\ B4 physics

Vudv Vusv* + Vub cb —
\,_/ —_———
O\ O\ OO) @
D physic

S

ViaVeg + VisVes + Va Ve, = 0
R/—/ W—/ ~——
OO O OO2)

/

——r e e
OO3)  O(M3) O3

N




The Unitarity Triangle

VuaVpy +VedVay + ViaVy, =0
S— \/—/ \z—/
AN3 (p+in) —AMN3 AX3(1—p—in)
Im -
t (27 / divide by AN?
VudVas ViaVi
I > Re

B4 physics




The Unitarity Triangle

VuaVip +VeaVpy + ViaVyy, =0
S— ~—— ~——

AXS(p+in)  —AXS AN (1—p—in)
Im o
t () divide by AN?
Vaud ”szb P2 () Vid t>ll; v
s (852) =
#3(7) 1(5) GVia )
- '"':i"'""""l """" —> Re aT°g (V;ZV’LZZ) — _¢2

(07 O) Vcd c>|l<) (17 O) arq ( Vep Ves ) — —Q5

B4 physics




The Unitarity Triangle

V. ud ub + V. cd _|‘ ‘/td =0
~— \/—/ \/—/
AX3(p+in)  —AX3  AX3(1—p—in)
Im o — N
) (P 7) Unitarity test is to verify
) .| if the triangle closes at
VudVup -2 (a) ViaVy the from

B4 physics




Determination of the
CKM matrix




Determination of the CKM matrix:

sin2®; (B) (phase)

Vud Vus Vub
VCKM — V Vcs Vcb
Vie Vi
Im
4 (P, 7)
n
iGN ne




/\///\\ CP asymmetry in B—J/PKs

L0
=

P(B (t)—=J/YKs)—T(B°(t)—J/¢YKs) :
Agppres(t) = (B (t)—J /¢ Ks)+T(BO(t)—J /¥ Ks) = SyjpK, SimMAMp t

oscillation

My A(B — J/¢YKg)

S = 1
et = T MYy A(B = J/UKs)
N ~ Y,
| osctll. decay _

VinVig Ve Vg

VigVia Vi Ves
N N —

| oscill. decay

= Eﬂrlngl
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Determination of the CKM matrix:

—
__ c
I : >_
( == )
¥ .-l 1 l 1 | 1 1 l llllllll l 1 1 1 1 l 1 1




Determination of the CKM matrix:

sin2®, (X) (phase)

Vud Vus
VCKM — V Vcs cb
Vs Vib

Im o
4 (p,7)

77 P2 ()

> Re



= S7r+71-— sin AMB t

oscillation

p p— 5
(B (t) »ntn™)+T(BY(t) - ntn—)
Mis A(B — nrn™
St Im 12 A )
M;, A(B— mtn—)
\/\ -~ 4
| oscill. decay

VioVig ViV,

Im

oscill.

sin 2¢9 ()

ViiVia V. Vi
N’ N’

decay

o &
A
 Z
N\
Y A
Y
el & Sl .

@0

* Assuming tree-dominant...



v
=
B S aTTT) — 0 — Tt
Apio-(t) = F(Eo(t) mn) DB — mrr) = S;+-sinAMp t
(B (t) »ntn™)+T(BY(t) - ntn—)

SRS
Penguin pollution _ r

prevents a precise

oscillation

KQ.“QM of P, (x)

—

Including the measurements with




Determination of the CKM matrix:

0.5

0.5




Determination of the CKM matrix:

‘Vub‘ and ‘va‘
( Vud Vus )
VC — Vcd Vcs V
Y V;td ‘/ts
Im
4 (P, 1)
Vud f;b
n
Y A— '_""l_) Re




Determination of the CKM matrix:

[ Vub|
Vud Vs * Similar in |V
/ cb

VC KM — Vcd Vcs
Vie Vis Vuw
Exclusive process Inclusive process

Optical theorem

A(B — 7lv)  [Vip|FE~7(¢?)  D_IAB = Xulv)|? o< Vi (¢, i, ---)




Determination of the CKM matrix:

[ Vub|
Vud Vs * Similar in |V
/ cb

VC KM — Vcd Vcs
Vie Vis Vuw
Exclusive process Inclusive process
r_ )
d

b

Optical theorem

(B—>7TZV |Vub|. STIAB = X)) |Vub|

Hadronic uncertainties! /




Determination of the CKM matrix:

Vb
Vud Vs * Similar in |Ve|
VCKM — Vcd Vcs V cb

Vie Vis Vuw
Exclusive process Inclusive process

r =

) d

d

b

\ N J

. Optical theorem

A(B = mlv) o« [Vi|FE=™(¢?) D IAB = Xulv)? o< [Vis|* £ (¢, pir, ---)
|Vub|=(3.89+0.44) 1 03 |Vub|=(4.27£0.38) 1 03




Determination of the CKM matrix:

| V|
Vid Vs \ * Similar in |V
V cb

VCKM — ( Vea  Ves
Further improvements in hadronic uncertainties:

[A Many efforts in Lattice QCD
[A Heavy quark effective theory (expansion using B

A
Mc,b>> NAqcp)
@g |
1%

Optical theorem

A(B = mlv) o« [Vi|FE=™(¢?) D IAB = Xulv)? o< [Vis|* £ (¢, pir, ---)
|Vub|=(3.89+0.44) 1 03 |Vub|=(4.27£0.38) 1 03

Ex




Determination of the CKM matrix:

= F
Ln Current
experimental bound on
: Vub|/[Veb|!
aall [Vub|/|Veb|

using

0.5

B SEIRRE
)

I-l I B O T (N I | I — ) I T — I | I l Ll
-1 -0.5 0 0.5 1 |
A(B — T 6 /Ub|2f(q27:uﬂ'7 )

Vus|=(3.89+0.44) 1 03 Vus|=(4.27+0.38) 1 03




Determination of the CKM matrix:

K
IVedVib |
Vud Vus Vub
VCKM — V Vcs Vcb
‘/ts V;ib
Im o
VY7
n Vid t}k)

VN
uCD
-
N—"
Ry
N\
[
-
N—"



Determination of the CKM matrix:

VedVib |

Vud Vus Vub
VC KM — Vcs Vcb

Ve
Vis Vi

AM=|VigVip |




Determination of the CKM matrix:

VedVib |

Vud Vus Vub
VC KM — Vcs Vcb

Ve
Vis Vi

- ~ AMg(ox | M)

G%m? . m;
= —— Vi Vil *So (m )UQCD

1672

AM=|VigVip |




Determination of the CKM matrix:

AM=|VigVip |

VedVib |

Perturbative
‘/ts ‘/tb QCD correction

Loop function
dominant=top quark

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




Determination of the CKM matrix:

‘thvtb*‘ and ‘Vtsvtb*‘

Vud Vus Vub
Vekm = Vea Ves Ve
i) Vi

Some hadronic uncertainties cancel in the
ratio between AMy4 and AM;

AM= |ViaVey |




Determination of the CKM matrix:

1= F
- Current
experimental bound on
i |Vid|/|Vis|!
of
o A )
o o’
i >
>
W—f _1:_ :W
d__, ; k b
I-l 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 l 1 1 1 L l 1 1
— A 05 0 0.5 1 IR

AM= ViV || AMG | VedVip'|




Combining the constraints...
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Indeed the different determination of the CKM
pbarameters are “relatively” consistent to each other...



Combining the constry?

= Simply overlapping

n the different
i constraints does not
- Sin2; give a right confidence
0.5 level.
i An applicaton of
: appropriate statistical
or methods is crucial to
" test the unitarity!!
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http://ckmfitter.in2p3.fr/



http://ckmfitter.in2p3.fr
http://ckmfitter.in2p3.fr

http://www.utfit.org/UTfit/



http://www.utfit.org/foswiki/pub/UTfit/Old/
http://www.utfit.org/foswiki/pub/UTfit/Old/

Y,

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
possibility that the unitarity is not exact for




Determination of CKM matrix




Determination of the CKM matrix:

Cabibbo angle

[Vud VUSJ Vub You remember the
Vekm = Vea  Ves ) Ve Cabibbo angle.
Via Vis Vi

costl. sinf.) Vi,
—sinf,. cosfl.) V.



Determination of the CKM matrix:

Cabibbo angle
(Vad) Vas Vi

VCKM — Ved Vcs Vcb
Viae Vis Vi

Vg = 0.9746 (4) (18) (2)

~ =~ =~
T™n G a /Gy RCorr.
Nucleus ft (sec) Vad
100 3030.5(47)  0.97370(30)(14)(19) Hadronic
140 3042.5(27)  0.97411(51)(14)(19) )
26 4] 3037.0(11)  0.97400(24)(14)(19) uncertainties!
3401 3050.0(11)  0.97417(34)(14)(19)
B 3051.1(10)  0.97413(39)(14)(19)
28¢ 3046.4(14)  0.97423(44)(14)(19) /
46y, 3049.6(16)  0.97386(49)(14)(19) >
0)Mn 3044.4(12)  0.97487(45)(14)(19)
Co 3047.6(15)  0.97490(54)(14)(19)
Weighted Ave. 0.97418(13)(14)(19)




Determination of the CKM matrix:

Cabibbo angle
(Vid) Vs Vi

VCKM — Ved Vcs Vcb
Viae Vis Vi

Vg = 0.9746 (4) (18) (2)

N
T™n G a /Gy RCorr.

Nucleus ft (sec) Vud

100 3039.5(47)  0.97370(30)(14)(19) Hadronic
140 3042.5(27)  0.97411(51)(14)(19) ..
26 47 3037.0(11)  0.97400(24)(14)(19) uncertainties!
3401 3050.0(11)  0.97417(34)(14)(19)

B 3051.1(10)  0.97413(39)(14)(19)

28¢ 3046.4(14)  0.97423(44)(14)(19)

46y, 3049.6(16)  0.97386(49)(14)(19)
0 Mn 3044.4(12)  0.97487(45)(14)(19)

Co 3047.6(15)  0.97490(54)(14)(19)

Weighted Ave. 0.97418(13)(14)(19)




Determination of the CKM matrix:

Cabibbo angle

Vud @ Vub
VCKM — Vcd cs Vcb

Via Vis Vi

f+(0)|Vus| = 0.21668(45)

/

Hadronic Decay Mode |Vius| f+(0)
3 o ’

uncertainties: K*e3 0.21746 =+ 0.00085
=T—" - K*u3 0.21810 4 0.00114
Iral Perturbation Kpe3 0.21638 =+ 0.00055

Theory
K3 0.21678 = 0.00067
f(0) =0.961 £ 0.08 (2%) Kge3 0.21554 = 0.00142
Lattice Average 0.21668 + 0.00045

£4(0) = 0.9609(51)



Determination of the CKM matrix:

Cabibbo angle

Vud @ Vub
VCK M — ‘/cd cs Vcb

Vud and Vus:
All in all, it is close to Vud=cosB,Vus=sinO.

inue!
Hadh BUT many efforts continue!

uncertainties:

46 £ 0.00085

0.21810 £ 0.00114

Ch'ra'ﬁﬁg‘;"b“w“ Kpe3 0.21638 + 0.00055
Y Kpu3 0.21678 & 0.00067

f(0) =0.961 + 0.08 (2%) Kge3 0.21554 4 0.00142
Lattice Average 0.21668 + 0.00045

£4(0) = 0.9609(51)



Determination of the CKM matrix:
Charm meson decays

VCKM — @ Ves Ve

Hadronic uncertainties for heavy mesons are more difficult to control.

[A No chiral perturbation Vea = 0.230x0.011

[A Lattice possible (but much V.. = 1.044+0.06

more computing power needed) _3
[A Heavy quark effective theory Vo = (41.2+1.1) x 10

(expansion using mc>> Aqcp) Ve = (3.93+0.36) x 1073



Determination of the CKM matrix:
Charm meson decays

Vud
cd

Vs
Ves

Vub

|/

Verkm =

CU

The unitarity is more or less fine. For the
most of decay channels, hadronic uncertainties pl.
are larger than the experimental ones...

M No ¢ Theoretical challenges!!!

—10.006
Ve, = (41.241.1)x 1073
Ve = (3.93+£0.36) x 1077

more computer power needet
[A Heavy quark effective theory
(expansion using mc>> Aqcp)




Determination of the CKM matrix:
IVtb| from single top production

( Vud Vus Vub )
VCKM — Vcd Vcs Vcb
Vi Vis

The tree level determination becomes only possible by the top physics.

t-channel
q q
%%
b ®)
Tev. ~ 0.9 pb

LHC ~ 240 pb



Why we need single top
production to measure Vtb? Tl

hep-ph/0007298

Top quarks may be produced in pairs at a hadron collider via the strong interaction,
through processes such as q¢ — tt and gg — tt. Thus, the rate and kinematic distributions
of top quarks produced in this way are a measure of the top’s interactions with the
gluons. The top decay proceeds via the weak interaction, and as we shall see does provide
interesting information about the chiral structure of the W-t-b interaction [7, 9]. However,
decays are experimentally relatively insensitive to the magnitude of the interaction by
which they are mediated. For example, in the case of top, there is one SM decay mode,
t — bWT. If this vertex were somehow modified by new physics to have a different
magnitude, it would affect the top’s intrinsic width. However, at a hadron collider the
width cannot be measured because the experimental resolutions are much larger than
the width itself [10]. Similarly, while observing exotic top decays would certainly be
interesting and would suggest what type of new vertices describe the observed decays, it
would not determine the magnitude of these new interactions. Even a study of branching
fractions compared to the SM decay mode may be misleading, because one must have
already measured the W-t-b interaction strength itself through some other means.

These drawbacks lead one to study weak production mechanisms of the top quark,
which have cross sections directly proportional to the top’s weak couplings. The Z-t-t
coupling will presumably contribute to ¢t production, though distinguishing this from the



Determination of the CKM matrix:

sin2Ps (phase of Vis)

v B “ff’“d Vus Vub Expansion in
CKM T cd d A
‘/;ﬁd @ ‘/tb ordaer
( 1—\%/2 AN (p —1n)
= A 1 — )\2/2 AA2 +
AN (1 —p—1in) —AN 1
( 1—A%2/2—\/8 A AN (p —in) )
= —A 1—A2/2+(—1/8 — A A4 A)\2
AN (1 —p—in) —AN2+ ANY(1/2 - p

+ 0O\

Expansion in
order A\*




Determination of the CKM matrix

sin2Ps (phase of Vis)

> While the final state J/v¢ is not a CP eigenstate, its polarisation de-
composed states are.

> The Bs — J/1¢ process is quite similar to B; — J/v¥ Kg, except for
the fact that the width difference Al s cannot be neglected.

By summing over all the polarisation final states, we obtain the master for-
mula for the time dependent CP asymmetry:

r(BY — J/w6) — T(BY = J/yé) _ DIm[fposa] +Im[fpeven]

F(BY — J/v¢) + T (B — J/i) D Foqq(t) + Feven(t)
= |sin20s sin A Mgt

Al q_ _ Al
Fodd.even(t) = cosh < > 8t> + Re L_?Podd,even] sinh < > St)

where 5 = Amp(BY — J/vy¢)/Amp(B? — J/¢) and a hadronic quan-

: _ A : :
tity D = A2+ AP is estimated as 0.3+0.2 where the amplitudes Ag || |

characteristic for the final state (Ag || for CP-even and A for CP-odd).
P.Ball and R. Fleischer, PLB475(2000)




