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® 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



Theoretical description of
Electroweak Interaction of SM
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// Yukawa Interaction (quark)

L7
=
Mass eigen-basis KYPyjr: 3x3 matrix, “N”is for 3 vector
i, = KY,, Gp = K% dp, = K¢d,, dp=K%d,
urp = Nrpuy, Ur = NpUp L= H/rar, R — AARGpR

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

ex. down-type ) d
(d,s,b)(--- m§ﬂ)(2 )

nserting

the unit matrix
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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!

Vud

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

To<<Tk, Tp<Ts
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/%\ 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...
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Strength of the weak couplings between different flavours

/%\ CKM matrix elements
-
-

J = (ug,er, tr)

Vud Vus Vub dL
Vcd chs 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

'

Phase convention

UUT =1 — 2n? — n? = n?

n®—(2n—1) = (n — 1)
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//\ CKM matrix elements

/ L

{ Strength of the weak couplings between different flavours
N - Vud Vus Vub dL
J{/[L/ — (ﬁa ﬁ, tL) ‘/cd ‘/03 Vcb SL
Viae Vis Vuw br,

/mo 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:

Vi = w(bas, 0)w(b1s, 61)w (612, 0). (4)
—120
€12€13 ’ 512C13 . 5,5€
N B ; B )
V= S12C23 012523513?5 C19C93—519593513€ . S93Cia |
t 1

S19593 7 C12C93513€ —C195937519C93513€ C23C13




3 mixings and | phase

phase. The rotation is defined as follows:

cos 619 sin 619 0
w(912, 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 S23€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(012,0) = ( —Sin912 COS 012 0 ) (1)
0 0 1
/ cosloa 0 ein A0l \

We re-parametrize in terms of A,A, p and n:
sin (912 = )\, 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

Vud Vus Vub
VCKM — Vcd ‘/cs ‘/cb

Viae Vis Vi



Wolfenstein’s parameterization

Vud Vus Vub \
Vorn — (Vcd V. V. N;a\v:/A\ paramdeters.
Ve Vis  Va sepandtl




Wolfenstein’s parameterization

Vud Vus Vub
Vo = Via Viese Vg Phases appear at
Via Vise Va |3, 31 elements

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



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 \*




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

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

q _ M7y — %F>{2 N M, — oio
p Mz — 5112 Mo
Loop function
dominant=top quark
(" ) f
GZm? m?
Mo = (Vo Vi) *So(—5-)
1672 ms;
— — —0
(B%(db)v—a(db)v,|B")
XTQCD
mpg

\ Strong interaction part




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

T
In the B system, we have M,>>[ ,, thus
* 1 T *
q _ M7y — §P12 N M, — oio
p Mz — 512 Mo
Loop function
dominant=top quark
4 R
2,2 f 2
= SR (17, 1) S0 k)
167 miy

(B°|(db)y_a(db)v,|B )

XTQCD

mp

AN

Strong interaction part

DONE!



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

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

. M12 2P12 ~ M12

) My - TV Mo

NI

If the Kobayashi-
Maskawa ansatz is
correct, the CP
violation in B system
should be very
large!!!




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

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

q _ Miy — 51T, ~ M,
p Mo — 2F12 N Mo
2 If the Kobayashi-
Maskawa ansatz is
- ~ correct, the CP

violation in B system
should be very

\

"\ T~




CP violation in K system
vs B system

K system We can know the CP

the decay length.

Sl

CP EVEN of the original particle from
@ CP ODD

t=0




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
vs B system

K system . t We can know the CP

CP EVEN of the original particle from
the decay length.
0=
© :
>

=0 Lenyesmen > g

B system

N\
_,~
’
@ —
)




CP violation in K system
vs B system

K system

— >t Ve can know the CP

of the original particle from
the decay length.

N\
O—=%

t=0

B system We can NOT know

N\

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 1 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)

_ q -
i(z» : f+(i)§>+gf(i)l2> /
B) = fOB)+ 105 “‘7?

D+ @ *““‘ -

—®
A




Flavour specific mixing CP violation
(CP Violation in oscillation)

B(t)) = fo(t)|B)+Lf_ (t)|B)
, o -
B) = [0B)+ 0B
. t—t
D+ ® ..x"

—®
va



Flavour specific mixing CP violation
(CP Violation in oscillation)

B(t)) = fo(t)|B)+Lf_ (t)|B)
o /. ©
B(t)) = f+<t>\B>+§f_<t>|B> —

t=t

SO

A

V



Flavour specific mixing CP violation
(CP Violation in oscillation)

B(t)) = f+<t>\B>+§f_<t>|E> /°°
B _ oy P
B) = [:0)IB)+ f-(0)B) ““Yt:)

D- A“*

A

V



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]#0!

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)

B(t)) = fo(t)|B)+Lf_ (t)|B)
Byt ®/ e
B(t)) = f+<t>\B>+§f_<t>|B> —

(I"X|HAPHB() = f+ (@O X7 B) + %f— (t)(I~ XIH2P7B)



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/wKs|HAB:1|E>+§f_(t><J/wKS|HAB:1|B>

We assume... B
(JJYKHAP=YB) = (J/y K, |HAP=L B) 19 << Mo




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




Flavour Non- speufc mixing CPV

3

)
S

IIIIIIIII y’ II!IIII T TT I T

S = =
8 8ric o io a

Raw Asymmetry Events/ (0.4 ps) Raw Asymmetry Events/(0.4 ps)
o o S

S o
Ao O N A

.........

n’{l’l’(l’(n’
n’l’a’n’n’n’n’{.’

ﬂ'.'r.f

ation

q _ 6—27L arg(V; Via)

= sin(AMt)Im (%)




Bs oscillation and CP violation
measurements at hadron machines

Vud Vus Vub . .
Voxkym = Vea Ves Vo Expanswg in
Via Vis Vw order A
- A2/ 2 AN (p — in)
1— A2/2 AV + OO

AN (1 — @ —AN2

1 — )\2/2 A*/8 A)\B( ”7)
1—X2/24( 1/8 A? AN2
AN(1—p—in) —AX 4+ AN(1/2— @ 1

+ O()\E’) \ BS miXing

Expansion in
order A\*

B4 mixing

T S

gw
7t . b
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Oscillation in Bq System | w5 Sw

_ __J
Mass matrix of Bq system:
H =M — EI‘ _ ( My — éFn Mo — %Fm ) ¢g = arg[Miy]
2 Msy — 521 Moo — 31020 Cq = arg[l'2] — arg[Ms]
Using CPT invariance, we find the mass eigenstate P, and P; \ When T2 is real,
Gq = -®
Py = P +alP) g [Mp— T
|P2> — p|P0> — q|P Mo — %Flg CP violation
q/p=1
Experimental measurements are carried out for the observables HFAGI |
AM4=(0.50710.004) ps',
Vel AM=(17.6910.08)ps"!
AMq = Mg — M1 = —2‘M12| ( )P
Golden-Channels to measure g/p from time-
AFq = 11 -1 = 2|F12| COS Cq dependent CP asymmery
q 5 AT, | Ba—ecK, (®4=2B): sin23=0.676+0.020
1—9 ~ I (1 + SAM tan Cq) Bs—)/ P (P4=2p;): Tevatron, LHCb
AT 1 *Al'/AM is non-negligible for Bs
q) q
‘E‘ ~ 1+ IAM tan Gy Di-lepton charge asymmetry
- - As.9=-0.0033£0.0033
As*=-0.0105+0.0064




Recent measurements of B Oscillation

AMQ = My— M = _2‘M12| Golden-Channels to measure g/p from time-
AI‘q = Iy — Ty = 2|I‘12| COS Cq dependent CP asymmery
. AT Bs—)/Y® (Pg=-2;): Tevatron, LHCb
1~ e7ia (7 4+ ,7" *Al'/AM is non-negligible for Bs
) € ( + IAM, an (g, 818
AT N
‘g‘ ~ 1+ 2A]\§ tan ¢, > Di-lepton charge asymmetry
b “ Asi*= -0.0089+0.0062
HFAG
o COF 135 fb_: +Do 28 fb—t , , 0 COF 1.351~'+D@ 281 '+ A .

99% CL —

AT, [ps_l]

—
] |V-1
& :
99.7% CL — LT o
g o2 Mo — When liais real,
e Ty= -0,
o \ 0.0 :
-0.21 ]
p-value = 0.031 0.2 J
04 220 from SM pvalue = 0.007
- ] 0.4; 2.7c {rom SM

-0.6 . . . . .
- : -0.6 : :
3 2 1 0 1 2 3 s r -

¢;{/¢¢ — _2[3;1/1!:(# rad]
@D and Ag,® combined

0 1 2 3
¢$J/¢¢ = _2 ﬁf/«k& rad]




Recent measurements of B Oscillation

AMq = M2 — M1 = —2‘M12|
AT, = T1—T%=2|'12|cos(,
q _id AT,
= ~ q 1 t
» e < + 2AM, an (g, '
q L'y S
= ~ 1 t
‘p‘ * 2AM, A Gg
HFAG
. o CDF 1351 +D@ 281" [ oo |
- .
2, 04 95% CL
g 02 99.7% CL —

N

p-value = 0.031
2.2c from SM

@ and Ag. S

A 0 1 2 3

¢g/¢¢ — _26;?/¢¢ rad]

Golden-Channels to measure g/p from time-
dependent CP asymmery
Bs—)/Y®/f (Pe=-2f;): LHCb
Ps=-0.1 4+°'|6-o_| I

Di-lepton charge asymmetry
As 5= -0.0089+0.0062
HFAG
0.6 CDF 135 fb“+q 28 fb_l'+ A . '
T
8—1 0.4+ 95% CL —_
T 99% CL —
o oz ou . —LHCb at2012
0.0 2
-0.2;' = ~
0.af LHCDb has an ability to
reach to the SM value
003 2
combined




Three types of CP violation

® Flavour specific mixing CP violation (CPV in oscillation)

~Ip/a®* —lg/p*  Ip/ql* -1

A= _
p/al? + g/l |p/q)* +1

® Flavour non-specific mixing CP violation (CPV in
oscillation, requiring time-dependent analysis)

~ 2sin(argq/p + argﬁ)e%AFt sin AMt

14 €At  cos(argq/p + argp)[1 — eAl?]

A

® Direct CP violation (CPV in decay process)

(NP =AU _ PP -1

!
p(f)]?+1




Direct CP violation (no-oscillation)

This type of CP violation occurs due to the CP violation in the decay part

e o A 1
A=A =i T

Thus, the non-zero CP violation can be measured without time-dependent
analysis, nor without CP eigenstate final state.

examples:

A(BO—K* T17) «<—> A(BO'—K-~ TT*)
A(B*—K* T1%) <—> A(B—K" T1°)

AB =T i) <> A(B 111171

CP asymmetry
F(B — K—nt) —T(B° — Kt717)
F(B — K—nt)+T'(BY - Ktn—)

A=

£0




Direct CP violation (no-oscillation)

This type of CP violation occurs due to the CP violation in the decay part

e o A 1
A=A =i T

Thus, the non-zero CP violation can be measured without time-dependent
analysis, nor without CP eigenstate final state.

examples: 0 N
ABTK Do you know, in how many
A(B*—K*| channels, the direct CP asymmetry
is measured!?
AB =111

A
CP asymmetry

F(B — K ") -TI'(B° - Ktrn™)
F(B — K—nt)+T'(BY - Ktn—)

A=

£0




Direct CP violation (no-oscillation)

This type of CP violation occurs due to the CP violation in the decay part
A(f) 1
A

= + |

(f)

In PDG2012

New since PDG2012 (prelimine

p(f)

[ RPPZ Mode PDG2012 Avg. BABAR .
239 KOrt 0.009 % 0.029 —0.029 % 0.039 + 0.010 I re( :t as m m etr a r'e
240 KT70 0.051 £ 0.025 0.030 £ 0.039 £ 0.010
241 n K+ 0.013 + 0.017 0.0080-917 4 0.009
242 n K*t —0.26 £ 0.27 —0.26 £ 0.27 + 0.02
. o o o | measured over a hundred of decay |-
244 n' K5 (1430)T 0.15+0.13 0.15 + 0.13 £ 0.02 ° -0
245 nK+ —0.37 £ 0.08 —0.36 £ 0.11 + 0.03
246 nK*t 0.02 + 0.06 0.01 + 0.08 4 0.02 o -03
247 nk (1430)F 0.05 =+ 0.13 + 0.02 0.05 + 0.13 + 0.02 '
T U O o M G S channels a actories!
257 WKt 0.02 + 0.05 —0.01 + 0.07 + 0.01 4
258 WKt 0.29 + 0.35 0.29 + 0.35 £ 0.02 16 £0:02
260 WK (1430)F —0.10 £ 0.09 —0.10 £ 0.09 + 0.02
261 wKj (1430)F 0.14 +0.15 0.14 + 0.15 £ 0.02 0.16 & 0.09 £ 0.06
264 K*0rt —0.04 % 0.09 0.032 % 0.05210:016 —0.03+£0.11 £ 0.08
265 K*t 70 0.06 £ 0.24 0.06 £ 0.24 ;”(f’éi ~ —0.11 £ 0.32 4+ 0.09
7r —o. . —o. . .
0.01 0.025 + 0.043 + 0.007
266 Ktnta— 0.038 + 0.022 0.028 4 0.020 + 0.023 050 \\ -0 04411&040 o E * '
269 Fo(980)K T —0.0910:05 —0.106 4 0.05010:036 =77 + 0.065 0040 . T =0.037
—001%4 —00.2%15 —0.026 355 p”ﬂ' . o - 0.18 i0.07+0.05
270 f2(1270) K+ —0.6870- 19 —0.85 4 0.2270-2% —0.59 + 0.22 + 0.04 2917 913
hy 504k 357 f2(1270)mt 0.41F 0.41 4+ 0.2570
273 fo(1500) K+ + 0.2810-30 0.28 +0.2670-1° —0.29 —0.15
70 o029 ) o014 358 (1450)° 7+ —0.0610-36 —0.06 + 0.2879-23
274 fh(525) K+ New 0.14 + 0.10 + 0.04 o0 pLEE0) T 90 _0.42 . 28 _0.32
275 0+ 0.37 + 0.10 0.44 + 0.1010-06 0.30 4 0.1170-11 359 fo(1370)mt 0.72 £ 0.22 0.72 £ 0.15 £ 0.16
SR ’ ’ ! bk . % %s 361 atr=xt(NR) —0.1410-23 —0.14 £ 0.1410-18
276 K (1430)07F 0.55 + 0.33 0.032 4 0.03570-03% 0.076 £ 0.03870- 028 o —0.16 —0.08 +0.04
9 o —0- 363 pt 0.02+0.11 —0.01 + 0.13 + 0.02 0.06 +0.1710-04
277 K3(1430)%7F 0.0519-29 0.05 + 0.2310-18 o —0.05
280 et 700 o 06;0-5‘37 0.06 4 0 06;"-3804 365 pTp —0.05 %+ 0.05 —0.054 4 0.055 & 0.010 0.00 4 0.22 4 0.03
87 +’;{§ o2t 017 0124017 £ 0.02 369 wrt —0.04 = 0.06 —0.02 = 0.08 £ 0.01 —0.02 £ 0.09 £ 0.01
p —o. . —o0. . . + .
288 K*tatn— 0.07 + 0.08 0.07 % 0.07 % 0.04 370 “p —0-20£0.09 —0-20:£0.09£0.02
580 Kot o 0311 013 031 015 £ 003 371 nrt —0.14 4 0.07 —0.03 £ 0.09 =+ 0.03 —0.19 = 0.06 =+ 0.01
P . . - . . . +0.34
200 Jo(080) K™+ o5 £ 019 o5 £ 019 £ 0.08 372 r]/;f: 0.11 +0.11 0.13 £ 0.11 4 0.02 70,0%]0%372 +0.01
201 ot KO 012 + 011 012 + 011 4 0.02 373 n'n 0.06 £ 0.16 0.03 4 0.17 £ 0.02 0.2070-57 £ 0.04
292 hi‘Kﬂ —0.03 £0.15 —0.03 £ 0.15 £ 0.02 374 n'pt 0.26 £0.17 0.26 +0.17 £ 0.02
293 K*0pt ~0.01+0.16 ~0.01 % 0.16 + 0.02 382 oint 0.05+ 0.16 0.050.16 + 0.02
391 pprt 0.00 + 0.04 0.04 £ 0.07 £ 0.04 —0.17 £ 0.10 £ 0.02
394 ppK+ —0.16 + 0.07 —0.16 + 0.08 + 0.04 —0.02 + 0.05 4 0.02
399 ppK*T 0.21 +0.16 0.32+0.13 4 0.05 —0.01 £ 0.19 + 0.02
402 pA~y 0.17 +£0.17 0.17 £ 0.16 + 0.05
403 pAr® 0.01 +0.17 0.01 +0.17 4 0.04
A41 wtoo —nn14+nna —nn4+n144+n001 noA4+n1n4+nno




Direct CP violation (no-oscillation)

Example: B>—K* T mode

CP asymmetry
A "B’ — K—nt)—T(B° - K+n)
B — K-nt)+T(B° — K+n-)

e g7

W n
O o ——Q

A1(BOK TT")=VisVus HI(BKp))  Ay(BOK™ TT%)=VepVes 'Ha(BKpi)

= —0.086 £ 0.007




Direct CP violation (no-oscillation)

Example: B>—K* T mode

CP asymmetry
A F(B — K 7t)-T'(BY - K*Tn7)

F(B — K—7t)+T'(BY— Kt7n~)

= —0.086 £ 0.007

0—=8 @8

A1 (B*—K* TT)=VuwVus Hi (BKpi) Az(BO—K* TT7) =V Vis Ha (BK pi)




Direct CP violation (no-oscillation)

Example: B>—K* T mode

CP asymmetry
A F(B — K—7F) —

T'(B® — K+r™)

= —0.086 £ 0.007

F(B — K—nt) +

I'BY — Ktn—)

A(B*—K* 1T7) = A1+A2 =V Vs H (K+Tl'-) + VipVes Ho(K+TT-)

changel

l change

N,

A(BO K 1) = Aj+A2 = Vb VusHi (K-TT+) + Vo VisHa (K-TT+)

[(BOK* TT7) = |A|+A2 =

(Ai+A2) (A

+A2 )

[(BO-K- 1) = |AI+A2 = (A1+AY) (A/+AY)




Direct CP violation (no-oscillation)

This type of CP violation occurs due to the CP violation in the decay part

A # 1A(f)

Thus, the non-zero CP violation can be measured without time-dependent
analysis, nor without CP eigenstate final state. However, it still requires certain

conditions

We can measure GP~ only through an interference of two amplitudes with
different CP conserving and CP violating phases.

A(EO N ?) — A16+i91€+i51 + A2€—|—i926+i52
ABO — f) = Age et 4 Agem W20

01 2: CP the violating phase, J; >: the CP conserving phase.

r(B° —f)—r(B°—f)  2(Az/A1)sin(01 — 02)sin(d1 — 62)
M(BO — f)4+T(B%— f) 1+2(Ax/A1)cos(0; — 02)cos(d1 — do)




Direct CP violation (no-oscillation)

This type of CP violation occurs due to the CP violation in the decay part

[A(f)] # [A(f)
Thus, the non-zero CP violation can be measured without time-dependent

analysis, nor without CP eigenstate final state. till requires certain
conditions

Conditions for Non-zero
Direct CPV
more than two diagrams overlaps
with different CPV phase
with different CPC phase

We can measure GP~ only
different CP conserving an

ABY -
A(BO — f)

01 2: CP the violating

r(B° —f)—r(B°—f)  2(Az/A1)sin(01 — 02)sin(d1 — 62)
M(BO — f)4+T(B%— f) 1+2(Ax/A1)cos(0; — 02)cos(d1 — do)




Direct CP violation (no-oscillation)

This type of CP violation occurs due to the CP violation in the decay part

[A(f)| # [A(f)]
Thus, the non-zero CP violation can be measured without time-dependent

analysis, nor without CP eigenstate final state. till requires certain
conditions

Resulting direct CP violation
contains two informations:
CP violating phase in weak int.
CP conserving phase in strong int.

We can measure GP only
different CP conserving an

ABY -
A(BO — f)

01 2: CP the violating

r(B° —f)—r(B°—f)  2(Az/A1)sin(01 — 02)sin(d1 — 62)
M(BO — f)4+T(B%— f) 1+2(Ax/A1)cos(0; — 02)cos(d1 — do)




Test of Unitarity of CKM

VCJ/LKMVCKM — (

SO = OO =
O = OO CORE i —

_— O O = O O
S

VCKMVCJLKM — (



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 + VCdV(;ks + thV{Z =0 VUd‘/th + Vus ch + Vubvgl; =0

N~ ~~ ~~ \/_/ W_/ ~" ~"
o) 0K 009 o) oM O<A5>@

VuSVJb + Vs ‘/;;, + Vis t}l; :. 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 + VCch*s + thV{Z =0 Vudvcti + Vus ch + Vubvc? =0
N N e/ N——r SN N —r N
O\ q Yo(15) @
k >k
ViiVie + Vo, Vig + V3 Vi = 0
—— N — \T/
a b ¢ o
Vusvzzkb + ch thCb Va
—— — —
O(A%) O — - D(A?)
C b
q
ViaaVub + VA a

~\~ ~— N——" \/
O(A\3) OA3)  O3)




Unitarity triangles

VudVis +VeadVe, +VidVi, =0

N—— = =
o) O(A) O(X®)
[ _
Vusv VCSVZE,+V23 b —

Vub + VCZVCb + Vttlvtb =0
\,_/
o0s) o) 0<A3> ‘

N\

VaudVog + VUSV* + Vube =0

S—— ~~
?@ O(AN) (’)()\5) @

thV + VtsV* + V%bV =0

O(>\4) O(>\2) O(V)

—

V;ﬁdvd“|_‘/;fsv* +thVb—O

O(A?’) o) o)

N




Unitarity triangles

\ .
-~

o) ok 00

VudVis +VeadVe, +VidVi, =0
- SN——

[

Vs Vi VCSVC’Z+V§:S tb
N \ )

oon oo ovE

K physics

®

Bs physics

VIV + ViV + ViV, =0
—_— = =
o) 0 0RO

B4 physics

N\

VuaVog + VUSV* + Vube =0
N——

o) o) oM @
D physics
ViaVog + ViV + VeV =0

O(A%)

O(A3)

—— N — N

OA2)  O(\?)

—

V;ﬁdvd“|_v;tsv* +thVb—O

o) o)

N




Unitarity triangles

VudVJS -+ 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)
O(A‘*) O(V) O(A?)
Bs physics
- - - ‘/,ngd+‘/}3V*+‘/}be—O
e Unitarity Triangle!| ——
SATan) SATA ATAN @ O(A3) O(AB) O(AS)

/\ B4 physics /\




The Unitarity Triangle

Vid Jb -+ VchSZ) —+ thV{Z = ()
~—— ~— ~——

AX3(p+in)  —AX3  AX3(1—p—in)
Im o
NN divide by AN3
Vud‘ fjb %d tz
— e EEEEmEssssEEs======== |—> Re

(Oa O) Ved ci (17 O)

B4 physics




The Unitarity Triangle

Vid Jb -+ VchSZ) —+ thV{Z = ()
~—— ~— ~——

AX3(p+in)  —AX3  AX3(1—p—in)
Im o
NN divide by AN3
Vud‘ rjb P2 () ‘/%d t}l; Vi Vg
org (vvr) =0
¢3(7) ¢1(5) : _
Bl AL — Re GTQ (VZZV:;) = — 2

(0,0) V.V (1,0) Wg(vc*bvcs): "

B4 physics




The Unitarity Triangle

Vud Jb + Vcdvcz + ‘/tdv?l; =0
~—— ~— ~——
AMN3(p+in) — A3 AN3(1—p—in)
Im L —! -
) (P 7) Unitarity test is to verify
| if the triangle closes at
the from

VudVap - ¢2(a) ViaViy,

o] N\




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(0
- 1) > Re
0,00 7 (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/¢yKg)+T(BO(t)—J /1 Ks)

A412 14(Z§-—+e]/ﬂbffs)

= I

PareKe = M\ S h A(B — JJ0Ks)

o 12 o ,

| oscill. decay _

VirVig VeoVes

Im

Sinf2¢ﬂ

VipVia Vi Ves

| oscill. decay _




ST/pK.

3

Raw Asymmetry Events/ (0.4 ps)

y Events/ (04 p

CP asymmetry in

- : @ -
[+ B’ tags B —
E I:IB‘O tags 5} nf 1 ]
3 ®)3
;\ : »,va _E

—_— ' ('c)_

B—)/PKs

— SJ/¢KS SinAMB t

oscillation




Determination of the CKM matrix:

1= F
1

0.5

I
_ _

- ]
< )




Determination of the CKM matrix:

sin2®;, (X) (phase)

Vud Vus
VCKM — V ‘/cs cb
Vis Vo

Im
4+ (p,7)
77 P2 ()
- — Re
(0, 0) P (1,0)



=S +,-sinAMp t

oscillation

-
F(Eo(t) — 7ta7) = D(B%t) — ntn™)
Apio—(t) = 5
B (t) - ntn=)+T(B(t) - ntn—)
S _ My A(B — mtr™)
AR M, A(B— mtn—)
—— N ~— ”
| oscill. decay |
| ViV Vi
‘/tbv;fd Vubvud
B os‘c;ll. de‘cray ]
= sin2¢2(«)

* Assuming tree-dominant...



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

Penguin pollution
prevents a precise

oscillation

(Qment of ¥, (x) g
W

Including the measurements with




Determination of the CKM matrix:

0.5_—

-0.51




Determination of the CKM matrix:

IVub| and  |Ve|




Determination of the CKM matrix:

[Vuo|
Vud  Vaus * Similar in |V
V cb

Vekm = Vea  Ves
Vie Vis Vi
Exclusive process Inclusive process

e s .
d X 5
F@%”@@!
. il N

Optical theorem

A(B — 7TZV) X |Vub|FB_>7T(q2) Z ‘A(B — XulV)‘Q X ‘Vub‘zf(q27,LL7r7 )



Determination of the CKM matrix:

[Vuo|
Vud  Vaus * Similar in |V

VCKM — chd ‘/cs cb
Vie Vis Vi
Exclusive process Inclusive process
i 7) i A% <
P d a >”< 5
[ b [ d
b s vl y
Optical theorem

(B—>7rlu |vub|. S IAB = X,iv)? \Vub\

Hadronic uncertainties! /




Determination of the CKM matrix:

| Vub|
Vid Vs  Similar in Vel
VCKM — chd ‘/cs Vcb

Via Vis Vi

Exclusive process Inclusive process

e o d\ r

t@g | %@j
Optical theorem

A(B — 7TZV) X |Vub|FB_>7T(q2) Z “A(B — XulV)‘Q X ‘Vub‘Zf(QQMLLWv )
Vun|=(3.892£0.44) 1 0 Vun|=(4.27£0.38) 1 0




Determination of the CKM matrix:

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

VCKM — ( Vcd ‘/cs
Further improvements in hadronic uncertainties:

[A Many efforts in Lattice QCD
Ex . : :
[A Heavy quark effective theory (expansion using

Mc,>> Aqcp)

Optical theorem

A(B = mtlv) o |V |FP=™(¢%)  D_IAB — Xulv)? o< Vi |* (¢, pirs )

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




Determination of the CKM matrix:

= F
- Current
experimental bound on
—— 0-5'_ |VUb|/|VCbI.
Fu O .
EXE of usin
. 8
'I - ‘
M - o
a_ .05~
& ; (s
b i
1+ — /
L A REETT E T T N T AN N O PR SN T N N T TN NN A N N ’
-1 -0.5 0 0.5 1
A(B — T 5 /ub|2f(q27,u777“')

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




Determination of the CKM matrix:

%k
IVedVib |
Vud Vus Vub
Vekm = Vea Ves Ve
Vvts Vvtb
Im o
¢ (p,7)
n Vid 52




Determination of the CKM matrix:

VedVeb |

Vud Vus Vub
Vekvm = Ves  Vep

Ve
Vis Vi

AM=|VigVip|




Determination of the CKM matrix:

AM=|VigVip|

VedVeb |




Determination of the CKM matrix:

VedVeb |

Vud Vus Vub

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

AM=|VigVip|

Loop function
dominant=top quark

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

1 — I
< B (d8)y - aldb)y - a[B7D
mpg Q ‘

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




Determination of the CKM matrix:

ViaVio | and |VisViw |

Vud Vus Vub
Vekvm = Ves  Vep

) () Vi

Some hadronic uncertainties cancel in the
ratio between AMy and AM

AM=|VigVip| AM= ViV |




Determination of the CKM matrix:

= F
- Current
experimental bound on
0 5'_ Ithl/thsl!
of
(T ! )
l_) -0.5- §
>
>
W—} 1L : W=
d__, - k b
A ETI NT T E T T N T T [ T R R R A
~—— 1 0.5 0 0.5 1 T

AMa= ViV || \A/VIs:gwthtb*l




Combining the constraints...

= F
|

0.5

=O:§

[ I T T l | I T — ) I I | I l L1
-1 -0.5 0 0.5 1

Indeed the different determination of the CKM
parameters are “relatively” consistent to each other...



Combining the constrs

=

sin2

W

VVarning:
Simply overlapping
the different
constraints does not
give a right confidence
level.
An applicaton of

appropriate statistical
methods is crucial to
test the unitarity!!

el
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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




Determination of CKM matrix




Determination of the CKM matrix:

Cabibbo angle

E/ud VuSJ Vb You remember the
Vekm = Vea  Ves) Ve Cabibbo angle.
Via Vis Vi

cost., smb.Y Vy
—sinf,. cosf.) V.

Vid Vis Vi



Determination of the CKM matrix:

Cabibbo angle
(Vad) Vs Vi

VCKM — Ved ‘/cs ‘/cb
Viae Vis Vi

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

N NI N
Tn GA/GV RCorr.

Nucleus 1t (sec) Vud
e 3039.5(47)  0.97370(80)(14)(19) Hadronic
4o 3042.5(27)  0.97411(51)(14)(19) TR
26 47 3037.0(11)  0.97400(24)(14)(19) uncertainties!
01 3050.0(11)  0.97417(34)(14)(19)
B 3051.1(10)  0.97413(39)(14)(19)
428c 3046.4(14)  0.97423(44)(14)(19) /
6y/ 3049.6(16)  0.97386(49)(14)(19) -
O Mn 3044.4(12)  0.97487(45)(14)(19)
YCo 3047.6(15)  0.97490(54)(14)(19)

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




Determination of the CKM matrix:

Cabibbo angle
(Vad) Vs Vi

VCKM — Ved ‘/cs ‘/cb
Viae Vis Vi

Vg = 0.9746 (4) (18) (2)
. = =
™n Ga /Gy RCorr. \

Nucleus 1t (sec) Vi
100 3039.5(47)  0.97370(80)(14)(19) Hadronic
4o 3042.5(27)  0.97411(51)(14)(19) ..
26 47 3037.0(11)  0.97400(24)(14)(19) uncertainties!
el 3050.0(11)  0.97417(34)(14)(19)
BK 3051.1(10)  0.97413(39)(14)(19)
428c 3046.4(14)  0.97423(44)(14)(19)
6y/ 3049.6(16)  0.97386(49)(14)(19)

N Mn 3044.4(12)  0.97487(45)(14)(19)

Mo 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 ‘/cb

Via Vis Vi

F£4(0)|Vas| = 0.21668(45)

/

Hadronic Decay Mode |Vaus| f+(0)
. . '

uncertainties: K%*e3 0.21746 + 0.00085
, : K*u3 0.21810 + 0.00114
Chiral Perturbation K3 0.21638 L 0.00055

Theory
Kru3 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
Verkm = Vea Ves Ve

Vud and Vus:

All in all, it is close to Vud=cosO.,Vus=sinO..
BUT many efforts continue!

uncertainties:

=146 £ 0.00085
0.21810 £ 0.00114

Ch"'a'_ll_a:;:"batw" Kre3 0.21638 + 0.00055
y 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:
Charm meson decays

VCKM — cd ‘/cs ‘/c

Hadronic uncertainties for heavy mesons are more difficult to control.

[ No chiral perturbation Vea = 0.230£0.011

[A Lattice possible (but much V.. = 1.04+0.06

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

(expansion using mcp>> Aqcp) Ve = (3.934+0.36) x 1073



Determination of the CKM matrix:
Charm meson decays

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

Theoretical challenges!!!

—10.06
= (41.2+1.1)x 1073
= (3.93+£0.36) x 10~°

more computer power needea
A Heavy quark effective theory
(expansion using m¢>> Aqcp)




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

Vud Vus Vub
VCKM — Vcd ‘/cs ‘/cb
Via Vs

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

t-channel
q ¢
%4
b ®
Tev. ~ 0.9 pb

LHC ~ 240 pb



