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History of the Weak Interaction

 ~1940s: recovery of the accelerator

1919, 1932: discoveries of proton operation from the suspension by
and neutron by E. Rutherford and WWII and discoveries of tons of new
J. Chadwick, respectively. particle with it.

E. Rutherford J. Chadwick

-

The list of “elementary” particles:

Before 1940s: p, n, e” + some exceptions

After 1940s: p,n,e”,n’%n,n, K, K™,
At AT A0 =t RO %F

Isospin up Isospin down TOO MUCH: “itis hard to believe they
are really the elementary particles.”




History of the Weak Interaction

1953: M. Gell-Mann hypothesized
that all of those “new” particles are a
composition of more fundamental 3
kinds of sub-particles: up, down, and
strange quarks.

1963: N. Cabibbo proposed a new
particle interaction as a solution to
the puzzle of strange particle decay to
other particles

M. Gell-Mann

N. Cabibbo
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History of the Weak Interaction

1964: A new L=

® - i > 23
baryon Q™ (sss) was 1"
discovered in BNL, f s FE )
whose existence was 4.8 Mey =08 eV

-1/3 -1/3

12 12 S/

down strange

theoretically
predicted by the
quark model.

1964: J. W. Cronin et
al. discovered the CP
violation by in the
neutral K-meson
system with an
experimental setup
in BNL.



History of the Weak Interaction

 1970: S. L. Glashow, . lliopoulos, and L. Maiani =
proposed a new theory as a solution to the puzzle of

the K —» u*u~ decay suppression. A new quark
“charm” and a new interaction d < ¢ were introduced.

* When we simply say “quarks” and

“leptons”, what eigenstates are implied?

Mass eigenstates

 When we say “quark” and “lepton”

exchanges, what eigenstates are implied?

Weak-interaction eigenstates
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Change of the basis from (mass) to (weak interaction)

V4
—(m) =(m) ud
(u ¢ ) (Vcd

Vus
Ves

)(

4
s(m)

)

GIM mechanism
The annoying superscript (m) can be dropped.



Discrete Symmetry, C, P, T

Transformation

Op

Note

Parity

P

Transform the wavefunction position from x to —x

Discovered by C. S. Wu et al. in the beta decay of °°Co in 1956.
Corresponds to the fact that only LH’ed particles participate in
the weak interaction.

Charge conjugation

Transform the internal quantum numbers of the particle

Flips the sign of the electric charge, lepton number, and baryon
number of the particle, but conserves the E, p, m, and spin.

Time reversal

Transform the wavefunction time from t to —t

Discovered by the CPLEAR experiment in the neutral K-meson
system in 1998.

Matter anti-matter

CP

Transform a particle to its anti-particle partner

Discovered by J. W. Cronin et al. in the K decay in 1964.

All of them

CPT

Productofthe P,C,and T

Derived from Wightman's axioms. Ensures m, = mzand 7, =
77 together with the Bose/Fermi quantum statistics and other
fundamental theorems. No evidence for the CPT violation.




Discovery of the CP Violation

* [t was assumed that the mass eigenstate K,) (observable particle) is also a CP
eigenstate with the eigenvalue n.p = —1 before 1964. J. W. Cronin et al. doubted
this assumption and conducted an experiment to test it in 1964.

- Mass (MeV/c?) | Lifetime (ps) Major decay modes
0 0

Neutral K meson

: K 0.090 +1(?) ntn,n'n
propertles 498
K 51 -1(?) ntn % nlnOn®
Tungsten bar for Cerenk
g al i Scintillator © T Spark chambers to detect two
KQ (short lifetime)  rLan view detector calibration charged pions from the K —
decays immediately [ foot ntn~ decay
7
) A «: W A XRICITITTRAIIR LR ’
—> (P R

Generate K{ and N7 20%

K? by a collision of ~ Lear collim

300 GeV protons
to a beryllium ¥ rernal target Helium Bag . |4
target

s od /
K? decay in this bag Cerenkov J. W. Cronin

 They observed 45 + 9 K — ntn~ decays (ncp = +1 decay). It turned out that
the KY (mass eigenstate) is not a CP eigenstate ... CP violation.

J. H. Christenson, ]. W. Cronin, V. L. Fitch, and R. Turlay, Phys. Rev. Lett. 13, 138 (1964).




History of the Weak Interaction

 1973: M. Kobayashi, T. Maskawa proposed a new theory
to explain the CP violation discovered by J. W. Cronin et
al. They predicted the number of quark kinds is >6
kinds only 3 kinds of them were discovered. M. Kobayashi, T. Maskawa

 1974:S. Ting and B. Richter made independent discoveries of the charm quark.

80

S. C. Ting S B. Richter
1977,1995: the bottom and top quarks were discovered by expts. in Fermilab.

& Y(S)




Kobayashi-Maskawa Theory

* GIM mechanism j#* = —j

: g
]5—>x X ny \/_‘%

@ oy

Quark flavor change from y to x —

may become complex.

Kobayashi-Maskawa (3 generations)

v ) ()

- Anti-quark flavor change fromytox -

10

When V,, # V}, (i.e.: arg(V,,) # 0), the CP symmetry does not conserve.

By extending the number of quark generations from 2 to 3 the matrix element

> =2.3 MeV/c?

> 23 u

> 12

! Vud Vus Vub : )
U C L 4 |74 V .
@ct)y cd ‘cs 'cb CKM matrix Ty o
I—[—/t.d - —I{ts- - th - 113 e, -
12 / 1/2 4
In general, an nxn unitary matrixhasn? —n(n—-1)/2 — 2n—1) down strange

irreducible complex numbers that cannot be removed by phase
redefinition. Whenn >3,n? —n(n—-1)/2-(2n—-1) > 1.
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Feynman Diagram Examples

IIIIIIIIIIIIIIIIII

The strength (amplitude M) is

proportional to ...




CKM Matrix

Vud Vus Vub Vud Vus Vub 1
e The CKM matrix is a unitary matrix: {Vea Ves Voo | |Vea Ves Ve | =10
Via Vis Vi Via Vis Vi 0
From the unitarity condition, 6 equations are derived.
(a) Vudvu*s + Vchc§ + thVtﬂ; =0 (d) Vcht*d + Vcsvtz + VcthE =0
(0) VuaVia + ViusVes + Vi Vep = () VuaVig + VusVis + Vi Vip = 0
() VausVup + VesVep + VesVip = 0 (£) VuaVup + VeaVep + VeaVip = 0

* From physics discussion, the Wolfenstein parameterization is obtained:

Vud Vus Vub 1- /12/2 A A/lg (P T in)
VCKM = <Vcd Vcs Vc ) — —A 1- AZ/Z AN
Via Vs Vi AL —p—in) —AA? 1

- You need to remember that V;; and V,;;, are complex.
- You need to remember A = 0.2 plus the order of A for each element.
- You need to remember A = 0.8.

12
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= ™ T . @ .
CKM Matrix 9 9. @
Vua Vas Vup '@ 9[-0
VCKM — VCd l/CS VCb down strange bottom
Via Vis Vi PDG2020
0.97370 + 0.00014 0.2245 4+ 0.0008 (3.82 + 0.24)x1073
= 0.221 £+ 0.004 0.987 £ 0.011 (41.0+ 1.4)x1073
(8.0+0.3)x1073 (38.8+1.1)x1073 1.013 + 0.030
- d s b ~ d s TN
_.ée_ _.ég_ i_é
u v v
U . . . nET=—=,, K=—=_. |B
— EE: SEZ =
C - - u S c D g‘\g; D _v__\,,ly{ Bég
_| ¢ W
- t BB B’ | B, B,
- - M) Ll

\.



CKM Triangle

* Each of the equation forms a triangle on the

complex plane.

lllll

(@
VdV* O(ll) 14‘

(®)

()

C

(
Vs Vi

c)
w v v r—S ) 3 e
0(*) * O(AﬂR
s 0(22) ¥ 0(22)
* The bottom right triangle, which is associated © ®

. 0(/13) 0(/13)
to the equation VoV, + VogViy + VgV, =0 4, /\ /\
is moderately large. ) 0%

Vs Vs O(A3) VaVi  0(23)

* Byassuming V, 4V, V.qV/y,, and V;4V;}, are vectors, we can draw a triangle
associated to the equation on the complex plane, which is called “CKM triangle”.

Veb'Ved

Interior angle definition

V..,V
N7 I—

tdVtp

VeaVip

I

? Vudvub

¢ = ar _VudV:Lb

3 g VCdVC*

If the KM theory is correct, ¢p; + 0, .
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CKM Triangle - Current Status

CKMfitter 2019, PDG2020 Apex OO

n A . +0.016
; amd p = 0.141747517

0.7

06 % : 0 Amy _
W E 1 =0.357+0.011
05 § s.ln a" E adiwlemd <0 -
o | L 0,
0 ; g
02 Y =
' ¢ £
[ 1 o
00 M ¢.2 1 A L L A .-. A | L 2 1 -
04 -02 0.0 0.2 0.4 0.6 0.8 1.0
P
_ VeaVe o
¢, = arg (— ¢ ‘if’) = (22.56%0%7
ViaVip
— dV* o
¢, = arg (— : t*b) = (91.71}7
udVyp
_ VuaVy o
po = arg (- 15) _ 5ot
cdVeh

[V,p| = 0.04162+3-55026

[Vyp| = 0.003683%3:995573

PDG 2020

o

2
) ,Xx;min

.2
= Xwith data on X

.2
Xwithout data on X

Am,

B(B—1tv)
IV
Vo
B(B5IVY
B(D—1tv)

B(D,—1v)
B(D,—tv)
B(D—KIv)
B(D- nlk)

I vcslml lattice

1V oot tsttce
B(ty,)

B(K )
B(K.)
B(K

|vl_,f“)

T IE N S SN I e
S“hohaboLsuvORRWRONWOD DO DD

List of measured parameters

Viual? + Vsl + [V |? = 0.9985 + 0.0005
V.al? + [Vis|? + |V |? = 1.025 + 0.020
Val? + [Veql? + [Vip|? = 0.9970 4+ 0.0018
Vo2 + [Vos|? + |Vis|? = 1.026 + 0.022

The unitarity of the CKM matrix holds
surprisingly well (except the first relation).



X°-X9 Mixing, x° = «°, 00,5050, .

u,c,t
d - - —>- S
KO |14 W KO
5 — - —
u,c,t
d,s,b
C -> - -> u
)L |14 W Do
U - - - C
d,s,b
u,c,t
d - - -> b
BO w W BO
b - - - d
u,c,t
u,c,t
S - - ->> b
B, " W B}
b - - - g
u,c,t
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K° ... Cronin et al.
DY BY ... Belle, Belle I, BaBar, LHCb
BY  ..LHCb

Even if the neutral meson is
initially XY, the probability
to find the particle in the XY
state (CP partner of the XY)
is non zero after a certain
time t because of the
process called

X°%-X° Mixing

Y Vid

Note: nothing relevant to
the pair creation!



BO
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B’-B° Mixing

d —

u,c t)

b —+—

——b d— - -—p  Each box diagram has V43 XV;,.

0 —
7 By using the B°-B° mixing

—d b—+——<——"—*—d mechanism, we can measure
) ) 2
the V¢; phase.

_____________________________________________________________

« Does the B meson really exist?
* Does the B’-B? mixing really exist?



18

Test of the KM Theory: Measurement of V4

 Hypothesize thatV,; (and V ;) are complex.

 How do we measure the V,; phase, arg(V,4)?
— should use particle interactions that contain V,, like these:

th Vt*
d O t t ® d

W W

» The B°-B° mixing is a useful phenomenon to access arg(V, ).




B°-B? Coherence

e Just forget about the B°-B° mixing.

e When B and B° are pair-produced from the Y(4S) —» B°BY decay, the two B-
mesons take neither (B°, B®) nor (B?, B?) state but only the (B?, B?) state.

[proof]
1=1 /_ Y(4S) isa S =1 boson, and B°, B? are
BY ) »{ B° S =0 boson. Because of the angular
momentum conservation, the orbital
S =1 boson | S=0 k;osons ' angular momentum L between the

two B mesonsis L = 1.

If both of the two B mesons take the same particle

state B?, the wavefunction of the system is exchange-

symmetric of the two B mesons because of the Bose-Einstein statistics. However,
the wavefunction must be exchange-antisymmetric of two same particles with

L = 1. These two statements are inconsistent. The same inconsistency is true for
the B%- B? system.

Thence, only the (B°, B?) state is allowed. []

19
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B°-B’ Mixing And B°-B° Coherence

D_'€+V{) D+€_l_’f
t == 0 t1 t == 0 tl
' RO — | O
B | ; Decay as B° \ B " Decay as B°
— | i — |
Y(4S) : ! i ) Y(4S) : ! 7 )
— HE | — : |
' BO : I ' g0 | !
The other Bis \ The other B is \
100% B® at t = t,. J/W K 100% B® at t = t,. J/W K
The oscillation starts The oscillation starts
like B® - B® - B9 ..., like B - B® - BY ...

The flavor of the two B mesons can be known only
stochastically until they decay to some other particles.

One of the two B mesons B; decays to a flavor specific state.
The B; flavor can be known from the decay products.

The flavor of the other B meson B, at the time of the B
decay t=t; is opposite to the B, flavor.

The B, flavor can be known only statistically after ¢; until it
decays to some other particles.

... B°-B? mixing

... B%-B? coherence

... B°-B? mixing



CP Violation in B Decays

L. I Bigi A.1. Sanda

Phenomenologist who theoretically developed the
measurement procedure of the CP violation in B decays.

21



B’-B° Mixing

after atime t

« A meson initially in the BY state ‘BO> > ‘BO (t)> =Q© ‘BO> + ® ‘B°>

© # 1 and ® # 0 is the essence of the B°-B° mixing

after atime t

« A meson initially in the B° state ‘1_3(’) > ‘EO (t)> =Q ‘B°> + © ‘§0>

¢ # 0and O) # 1 is the essence of the B°-B° mixing

 Remember quantum mechanics:
discussion on the time propagation of a state
— discussion on the energy of the state — discussion on the mass of the state.

* As]. W. Christenson demonstrated, the |X°) and |X°) are a CP eigenstate but
not a mass eigenstate.

* Relate the CP eigenstate to a mass eigenstates by force.



B’-B° Mixing

B(9) = ©(®)1B) + B(©)|B°) = a(v) (5) + 8®) () = (;‘EB)

[B°) [B°)

The phenomenological time-dependent Schrodinger equations are:

i%(“(t)) =K (“(t)) i%(“(t)) = (M -1r) (“(t)) X0, X% mass and decay

b (t) p(t) b (t) B(t)

_ (M11 — il /2 Myy — irlz/z) (“(t)
My —il51/2 Myy —il5,/2) \B(T)

Because the operators M and I are Hermitian, My, = M7, and I;; = [5.
Then, because of the CPT theorem, M;; = My, = M andI';; =T, =T.

i%(a(t)) _ ( M—il/2 M, — i[‘lz/z) (a(t))

)  \Mi —ilf,/2 M —il/2 )\B(®)

If My, —il1,/2 = M{, — il /2 = 0 - no B°-BY mixing; otherwise, the B°-
BY mixing occurs and |B(t)) and |B(t)) are no longer the mass eigenstates.

)

23



B’-B° Mixing

M—il/2 My, —ily,/2

Mi, —iT5,/2 M —il/2 )a“dthe

* Let the eigenvectors of (M — %F) = (

associated eigenvalues to be |BH), Uy and |BL), y;. These definitions lead

|By (t)) = exp(—iuyt) |By) and |B,(t)) = exp(—ipt) |By).

* On the other hand, by an arithmetic calculation, we obtain
|By) =p|B°) — q|B°), uy =M —ir/2 — /(My, — ily,/2)(M;, — il},/2) and
|BL) = p[B°) +q|B°), pp =M —il/2+ /(M1 — iT15/2) (M7, — iT},/2),

p JM;‘Z — iT}y/2

where = and |p|? + |q|? = 1.

q B My, —ilh,/2

Additionally, we obtain
5%) = (|Bu) + |Ba))/2p and |B%) = (|B.) — |Bu))/20.

24
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B’-Meson Decay

* Finally, we obtain
1T . . q . . So\]
IBO(t)) = = |(exp(—ipt) + eXp(—lth))|BO) +I_9 (exp(—ipt) — EXP(—l#Ht))lB())

2
_ 1
|B(t)) = >

S (exp(—ipt) — exp(—iuyt))|B°) + (exp(—iu.t) + eXP(_iﬂHt))ll?O):

* By defining f1.(t) = % (exp(—iupt) + exp(—iugyt)) for brevity, we obtain

[B(6)) = f+(8)|B°) +%f_(t)|§0> and |B°(t)) = Zf—(t)lB(’) + £+ (®)|B°).
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Application: B’-B? Mixing

* By defining f, (t) = ; (exp(—iuyt) + exp(—iuyt)) for brevity, we obtain

IB°(0)) = £,.(£)|B°) +}—Zf_(t)|l§o) and |B°(0)) = gf-(t)IBO) + f+(©)|B°) .

» Probability to find the particle in the |B°) and |B°) states at a time ¢ that was
initially in the |B°) state are

(BO[BO(D)[2 = | (6|2 =%exp(—f‘t) [cosh (A—Zrd t) + cos(Amdt)]

2 193 Al
=3 ‘5 exp(—T't) [cosh (— t) — cos(Amdt)], respectively,

; _ |4
(BIB° (N = [ £-(0 :

where my y = Re(,uL,H), [y = —Zﬂm(/,tL,H), Amg =my —my,and A’y =Ty —T.

» In asystem that the approximations |q/p| = 1 and AT = 0 hold,

1 _ _
P(BY - B%¢t) = Eexp(—[‘dt) [1 4 cos(Amg4t)] ... unmixed (same eq. for B® - BY)

_ 1 . =
P(B° -» B%¢) = Eexp(_[‘dt) [1 — cos(Amyt)] -~ mixed (same eq. for B° —» B?)



Application: B’-B? Mixing

1
Punmixed (£) = _exp(_rdt) [1+ COS(Amdt)]r Pixed(t) =

1
l l l O.S*exp(-x/tau)"l‘(l+cos(dm*x)) _
0.5*exp(-x/tau)*(1-cos(dm*x)) ——
p unmixed (t)
08 -
T=—=15ps
06 | ]"d p
Amg = 0.5ps~?!
04
02
/ Prixed (t)
. —
0 2 4 6 8

10

2

27

exp(—T4t) [1 — cos(Amgt)]

_______________________________

_______________________________

Again, the B°-B° mixing is an independent phenomenon of the B°B° pair creation.



Application: B’-B? Mixing

j+oo dt Pmixed(t) _ Amczl —
0 Punmixed(t) + Pmixed(t) Z(Fc% + Amczl)

ARGUS Collaboration,

BO_ EO Minng (1986, 1987) Phys. Lett. B192, 245 (1987)
N(B° - B?)

N(B° - B%) + N(B° - BY) °
N(B° - B°) ...unmixed N(B° — B°) ... mixed

« B B° mixing: y = The y = 0 if no mixing.

Evidence for the B- B® mixing
B pairly-produced with B from the e*-e~
collision by the DORIS II accelerator had
changed to B°.

3 N(B° - B9
~ N(B° - B°) + N(BY - BY)

=0.17 £ 0.05

X =x%/2(1 + x%), x = Amgo /To.

PDG2020
https://argus-fest.desy.de/e301/e305/wsp_arg new.pdf Xpo =0.1858 +£0.0011

Xd

The y, is
sometimes called
a time-integrated
mixing parameter.

28



(OF-SF)/(OF+SF)
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Measurement of Am, at Belle

Amy results from Belle II will come soon...

05
04 | P unmixed (t) — Pmixed(t
o X: AsymmetryA(t) — unmlxed( ) mlxed( )
N K Punmixed(t) + Pmixed(t)
0.2 | =
o1 @ K T When the effects from the wrong tagging
I )’Q probability and vertex reconstruction
O \ V resolution are negligible, A(t) = cos Amyt.
0.1 | |
N 4 T Am, = (0.511 + 0.005 + 0.006) ps~1
i AS with 152M BB
03 |
04 Belle Collaboration, Phys. Rev. D 71, 072003 (2005).
S TT TTe 10 12 14

8
|Atl(ps)

The At must be used in the equation above instead of the t. This
“misuse” is on purpose to simplify the discussion here. The
replacement of the t with the At is discussed in the next few pages.



30

Application: B°-B? Coherence at Belle (II)

A critical difference between the B°-B° mixing in a general setup and that in
the Belle (II) setup: at Belle and Belle II, two B-mesons are pair-produced
and they are entangled (i.e.: the two B mesons take only the (B?, B?) state
until one of them decays).

* The wavefunction of the two-B-meson system |Belle(tq, t,)) at the time of the
pair production, t; = 0and t, = 0, is

\/|Belle(0,0)) — %(‘BSE§> _ EloBg>) X |Belle(0,0)) = %(‘Bf§§> + §10B§>)

Exchange asymmetric Exchange symmetric

 The general wavefunction to observe one B att = t; and the otheratt = t, is

1 _ _
|Belle(q, t7)) = 72 (le (t1))|Bg (tz)) — |Bf (t1)>|Bg (tz)))

* Byrecalling |BO(t)) = £, (¢)|B°) +%f_(t)|§0), |BO(t)) = gf_(t)|30) + £+ (©)|B°)
|Belle(t, t,)) = ie_g(tﬁmx
' V2

. Amy(t, —ty) (p q\505 Amgy(t; — t) — =
i sin > (5 |B{’Bg> -5 |B{’B§>) + cos > (|B{’Bg> — |B{’B§>)




Application: CPV in B Decays at Belle (II)

1 T
|Belle(t{,t,)) = —e 2(t1tt2)

V2
o Ama(t —6) (P om0\ 95050 Amg(t; — 1) (] 0 =0 .
i sin 5 <5|Ble>—2—9|BlBZ>) + cos > (|Ble>— |Ble>)
Define the B — f.p decay amplitudes by _
0y = BOY = 4 Arep q
(fep|HalB®) = Af .,y {fep|HalB") = A, and Afop =
“’qfcp p

Define the flavor-specific B-decay amplitudes by
Forbidden

in the SM.

The same in

(0*D~vp|FH4|BO) = Ap+,
(¢™D*,|H4|B®%) = 0

31

the SM = Ag;.

Then, the probability to find a signature for the [B°B°] - [(¢ D" v,);(fcp)-]
in the Belle (II) detector at the time t; and t,, respectively, and

the probability to find a signature for the [B°B°] - [(#*D~v,){(fcp),] in the
Belle (II) detector at the time t; and t,, respectively,

are computed as the ones on the next page.
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Application: CPV in B Decays at Belle (II)

 The probability to find a signature for the [B°B°] - [(#"D*v;){(fcp),] in the
Belle (IT) detector at the time t; and t,, respectively, is:

ot 1 _ 2
(¢ D+V€)2(fCP)1|7'[d|Belle(t1,tz))ZEQ F(t1+t2)|fASL|2|dquP| X

y [(1 - |/1fcp|2) + (1 - |/1fcp|2)

2

cos[Amgy(t, — t1)] — Im(As ) sin[Amy(t; — tl)]]

 The probability to find a signature for the [B°B°] - [(#*D~v,)1(fzp),] in the
Belle (II) detector at the time t; and t,, respectively, is:

_ 1 2
((E7D7ve)a(fep)1|HalBelle(ty, t2)) = e M| Ag 12| Ap,, | x(p/q)?

y [(1 + |/1fcp|2) - (1 - |/1fcp|2)

2

cos[Amy(t; — t1)] + Im(A¢,,) sin[Am,(t, — tl)]]

* By approximating ‘dqfcp/dq_fcp‘ ~ 1and |q/p| = 1,

((fiDv)z(pr)l|7—[d|Belle(t1, tz)) X e‘F(t1+t2)[1 + Im(As,,) sin[Amy(t; — tl)]]



Application: CPV in B Decays at Belle (II)

” B, decay

.« @t=t,
Pair creation
@t=0
’ &
m B, decay
...O @ t —_ tl

* The Belle (II) detector cannot measure the absolute time from the pair-
creation of the two B mesons to their decay — absolute time t; or t, cannot be

measured, individually. But it can measure the time difference At = t, — t;.

e To account for the ambiguity in t; and t,, apply
f0+°° dtz f0+0° dtl 6(t2 —t — At) to ((fiDv)z(pr)l|7‘[d|Belle(t1, t2)>
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Application: CPV in B Decays at Belle (II)

+ 00 +00
j dt, J dty 8(ty — t; — At) ((EEDV) 2 (fep)1|Ha|Belle(ty, t5))
0 0

oc e TIA(1 + Im(As,, ) sin AmyAt).

By replacing the I' with 750 and taking the normalization,

|At]
e "B (1 T+ 7m()lfcp) sin AmdAt)

P(t; £%) = 2Tpo
B

By applying a similar discussion to the B°-B° mixing, one obtains

_lAt]

1 — + for unmixed
LpEY — Tgpo
P(t;£*) = 2750 e 'B°(1+ cosAmgAt) _ for mixed
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The Last Piece, Af cp

* Assume we use the golden mode for the test of the Kobayashi-Maskawa theory,
where B® - /Y K and B® - | /Y KZ.

_______________________________________

R /P et
l S BC - /YK Rl
| T T T T T e Lp! = :
; viv, L Ksommo |
: Vs Vg | x
=SS 4 ustua 4 VipVua
fer = 4 o P i p VuVig
« Skipped derivation.
e — o ]/ o e *  K°-K° mixing is
,I B’ - J/¢ K‘} !': :::__:::-_-_:::i omitted for its small
* e K.(S)‘ S atg contribution to the B-
: VepVes Srmmmme e meson system.
i VusVud ::
e No V4 orV,, included * _____________ 5 """"""""" .
— no CKM phase from Veb ) J /v Veb - ) J/y
thedecay. @~ Vae—T__ <C Ve — <
b Vcs § b w V(‘t *
Bo(b W VCS S )K0—>KS EO( _ VCS S_)EOHKS
d d d = d




Application: CPV in B Decays at Belle (II)

= A VEV. Vi VIV
* For B°(B%) = J/Y K, Af/wxofﬂ'q $J /K = Cf’“{'@° % tfl
s dquP p sV, CSVuSVud thtd

Since only V;4 and V,;;, are complex, A]/lng = fj/lng . @720,

Tm (2, ke ) = =&, ko SIn 2001 = sin 2¢b;.

* JIm(As.,) depends on the A¢ ., and c/q_fcp, which are determined by the

chosen B°(B®) - f.p mode. For example, if one chooses B°(B%) - ntn~,
he/she obtains the P(t; 1) equation with sin 2¢,.
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Hitchhikers’ Summary

n B, decay - ]/¢ K.(S)'
% @t=1¢t;
Pair creation g —|Aat]/z
@t=0 | / P(t) X e BY X
/ » : At > . .
| . (1 + sin 2¢p4 sin Am At)
ﬂ By decay I >t
@t=t | 400
@ sS4, | > 4£tD7v, @ 300
1 250
2 200
"
+ 150
2 100
w

0
B, decay _)]/¢ KS 50

@t=t;
H

! ‘, Belle Collaboration, Phys. Rev.
: At ><h Lett. 108, 171802 (2012).

Pair creation

@t=0 j

oy

& by decay > P(t) o e/ x
: | (1 — sin 2¢p; sin Am At)
. % — £" D™V,
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Three Types of CP Violation

1. Direct CP violation

Matter-antimatter asymmetry when Ay ., # ﬂfcp. The decay final
state is not necessary a CP eigenstate, which means A, # ﬂf.

2. Indirect CP violation

Matter-antimatter asymmetry when |q/p| # 1 while we usually
assume |g/p| # 1 in the B-meson system.

Measure with the time-
dependent analysis method

3. Mixing induced CP violation

Matter-antimatter asymmetry in the interference between with and
without mixing (i.e.: B® - B°, B® - B% and B® - BY, B° - BY,
respectively).



That's All.
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