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Foreseen subjects to be discussed are

CP violation
basic description and phenomenology

Standard Model Flavour Physics
CKM, rare decays and CP violation



Space reflection (P), Charge conjugation (C), Time reversal (T)
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C transformation

electric charge e —>e =-e,



e
]
dx;
dt
Pi
Lz gljkx]pk
S;

C transformation

electric charge
coordinate

velocity

momentum

angular momentum
spin
charge density

charge current

e —=>e¢e =-e
|
X == X=X
|
Vi = Vi =Y,
|
Pi—P,=Di
Li—=L;=L,
|
§; == 8;=9S;
{
Pi—P;="pP;
. .
Ji = Ji="Ji



E ) )
B field .
-]
A C '
< N
______ 4_______— ~...""-> emm=”
B -B
V




e
Xi
dx;
vV, =
dt
Pi
Lz gljkx]pk
Si
P
jl = pvi
g 00 _0A
dx, dt
0A
B =¢., K~
i ijk Ix

C transformation

electric charge
coordinate

velocity

momentum

angular momentum

spin
charge density

charge current

electric field

magnetic field

e—=>e¢e =-e
L
x,—>x,=x
L
ViTm V=V
L
Pi—Pi=Di
Li—=L;=L,
L
N
Pi—=Pi="P,;
C .
Ji = Ji= 7
E,— F;="E,
B, — B =B,

(p—=¢d=—9.A—=>A"=-A)



T transformation

time t— 1 =1,

l
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time
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t— 1 =,

X, =X =X,

v, =V, =y,
p;—> D, =D,
Li—L;=-L,
§; > 8 =78,
o= P, =p;
Ji—=Ji="J;
E,—FE,=E,
B,— B';=-B,

(¢p—=¢d=¢p.A—=>A'"=-A)



P, C and T transformation in covariant form in the classical world

parity charge time
xt —> X, xt —> xt xt — X,
p* g Py p* g p* p* g Py
J = J - M J =
A — A, A — —AM A — A,
/1 ’ : O\ E =-gradA, - EA
NB:g,=|o0 o o o TR
\O 0 0 _1/ H = curlA



P, C and T transformation in covariant form in the classical world

parity charge time
x4 —> XM x4 —> x4 x4 —> _XM
Pt — P p* - ¥ P -~ P
jM —> jM jM —> —jM jM — jM
AW — AM AW — —-AU AW — AM
/1 0 0 O\ ~ 5
NB 0 -1 0 0 E =—gradA, - G_A
c 8y = _ t
0 0 1 0 . -
0 0 0 -1 H =curlA
o =/
[ = 1 F F“ + jUA, Lagrangean for the electromagnetic

emoq field is invariant under P, C and T



In QM theory, P and C are unitary operators act on
position (x), momentum (p), angular momentum (L),
electric current (j), electric (E) and magnetic (B) field operators.




In QM theory, P and C are unitary operators act on
position (x), momentum (p), angular momentum (L),
electric current (j), electric (E) and magnetic (B) field operators.

PxPT:—x
PjP =-j
CxC =x

CjC'=-j

PpPT:—p
PEP =-E
CpCJr:p
CEC' =-E

PLP =-L
PBP =B
CLC =L
CBC =-B



In QM theory, P and C are unitary operators act on
position (x), momentum (p), angular momentum (L),
electric current (j), electric (E) and magnetic (B) field operators.

PxP'=-—x PpP'=-p PLP =-L

PjP'=-j PEP' =-E PBP =B

CxC =x CpCJr:p CLC'=L

Cjc'=-j CEC'=-E CBC' =-B
P and C operators act on a state hp(x, 1)> as

Clwp(x,1)) = (x.1)) Ply(x,t)) = |y (-x.1))



T operator cannot make: 7t T "=

Because 7 1s not an operator in QM but a parameter!!!



T operator cannot make: 7t T "=~

Because 7 1s not an operator in QM but a parameter!!!

i g\w(x,t» = H|y(x,1)) Schrédinger equation:
TiT T —\y(x,t))=T HT Ty(x,1)) operating toward
ot right.
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T operator cannot make: 7t T "=

Because 7 1s not an operator in QM but a parameter!!!

.0
zg\w(x N4 )> =H W(x N4 )> Schroédinger equation:
R R B —> means
TiT T —|y(xt))=T HT Tl|y(x,t operating toward
l paLACR)) Y(x,1)) e
If ; [ =—1 ; (i.e. anti-liner operator),

— — -1
—i%TW(X,t)>=T HT T|y(x.t))

T T
By defini T‘I/J(x,t» - ‘w (x’_t)> T transformed state vector
y defining - fmed
THT =HT and Hamiltonian operator
9|7 _ygTl|,,T T transformed, t — —¢
‘lg"li (x,—t)> - ‘UJ (x,—t)> Schrodinger equation:



Unitary and anti-unitary transformation:

A Al At operator acting on right
a)=Via), (&|=|a) =(a]V

!
L
<t <

operator acting on left

(& B)=(alV V|B)




Unitary and anti-unitary transformation:

operator acting on right

!
L
<t <

operator acting on left

i . i

It {a|vV VIp)=(a]V V|p and  V V=l
NI unitary transformation
<a P > =) V: unitary operator

* ST
and V V=1

<& [3’> =({a|B)) =(Bla) anti-unitary transformation
V. anti-unitary operator




Let |[B)=cla)  where c is a complex c-number: ie. (B|=c (]

By introducing Vc=c'V

(6| = (@ Vela) = (&' Vi) = 'l

As shown before

<& [3’> ) {<(x B)=clala) unitary

(Bla)=c"(at|a) anti- unitary

Therefore,

Ve=cV unitary operator

Ve=c'V  anti-unitary operator




Violation of Parity

World

90% 10%



Violation of Parity

World Mirror World

90% 10% 10% 90%

World = Mirror World
(parity violation)




World = Mirror World by 100%
Parity is fully violated.




And 1n elementary particle world

neutrino I

@ does not exist
nded

0

Left-handed

theory of experiment
parity v parity
violation > ‘ violation

1956, T.D. Lee and C.N.Yang 1957, C.S.



Strong and electromagnetic interactions conserve:

flavour quantum numbers,
C,P, T,CP, CT, PT, CPT

Neutral pion decay via electromagnetic interactions
ni¥ — vy but not yyy

and m¥ are C eigenstates: particle = anti-particle
Y g p p

n photon system

1 2 .
ny)=——||a, .0
= o 1a 0
a’p. ¢ creation operator of a photon

with a momentum p,, polarization ¢;,
I0>:  vacuum state



> >C > -
Since B,E— -B,-E — C(y)=-1
we have Ca;’i’ SiCT ~ _ani, €
It followsc C & . 0
‘ny>_ﬁgapi,ei‘ >
1 n
=—— Ca. .C'||IC
e <)o
(_1)71 ! i Ceil | f
_ a’, |0 eigenvalue o
\/n! E Pi- "‘ ) vacuum defined to
be +1: convention

ie.C(yy) =(-1)>=+1, C(yyy) = (-1)°> = -1, etc..



1 _
‘ﬂ0> - ﬁ(‘um B ‘dd>)n=1,L=O,s=O

‘uﬁ>n=1,L=O,s=O= Efd3pf1( )Yo (P )XO(SI’SZ)prslci};,sz‘O>

8158,

b ( o ) creation operator for u(u) quarks
p ’ Sl _p ’ S2 .
with a momentum p(-p) and s, = s,(s,).

Y,: spherical hermonics for L = 0 (orbital angular momentum)
Xo; Clebsh-Gordan coefficients for S =0 (S = s+ s,)

C‘“”>n1L 0.5=0 Efd pH(p)Yo(P )Xo(slasz)CbT i}: s2‘0>

S ol 5300 CCE . CCO)

S155,

ueuunderC=Cb, C'=c, ,Cc, C=Cb, C

D,s pSZ m ZRY)

Efd3pf1( )Yo(P)xo(515 85)c) Cp,s, pszc‘ >

S5



{ Pt o } _0 Fermion creation operator
—P S

p.si° anti-commutation relation
Cl0)=0)
C‘ul/_t>n=l,L=O,s=O Efd3pf1( )Yo (D) x1(s1,5,)b" Tp s, ;s1‘0>

by renaming p (s,) as —p(sz) and —p (s,) as p(s,)
- Efd pfl( ) ( )XO(S2’S1)prslch,s2‘0>

S15 95>

since Yy (-p) =Y, (P): xo(2.81) ==Xo(s1.5,)
= 2 S P fi(P)Yo(B)xo(s1:5:)bp €2y, |O)

$158,

C‘ ’“”“_‘>n=1, L=0,5=0 ‘ul/_t>n=1, L=0, s=0

Cln) I




initial state C(xt") = +1,
final state C(yy) = (-1)*> = +1, C(yyy) = (-1)* = -1
EM interaction conserves C
m¥ — vy but not yyy

Or calculating decay amplitudes
-1 -1 -1
A, =<yyIC CHC Cln’>=-<yyICHC In°>
=—<yyyl HIn>=-A,_,

How about weak interactions?

Neutrio 1s only left-handed

Antineutriono is only right-handed }% L el P GesEnTed




Charged pion decays via weak interaction

mt—=ut.+v; P mr—ut +%
\ N
C CP
| S

T uT, + % T U+ Vg

vy or v; do not exist

P or C transformed decay processes do not exist:
— P and C violation. (if you can see handedness)

However no CP violation.




Neutral Particle Anti-particle System
P),

P) particle, antiparticle state at rest

Eigenstates of strong and electromagnetic interactions and flavour-
(H,+H,,)P)=mP), (H +H,,)P)=mP)
F\P)=+P), F|P)=-|P)

CP and T transformation act as
CP|P)=¢"%|P), CP|P)=¢"%|P)  sothat CP:-CP|P)=|P)
T\P)=é"|P), T|P)=e""|P)

If strong and electromagnetic interactions conserve CPT, 1.e.

(CPTYH, +H, CPT)' =H_+H,,



m=(PH, +H,, P

P(CPT)' (CPTY(H_ +H, )(CPT)*(CPT)\P>

“CJ

(CPT)'(H,+H, )(CPT)\P>

<
<
{

(P(CPT)!(H,+H, )(C—N')\P>}*

I
>

H,+H,,P)

[
3|

Rest masses of particle and anti-particle are identical.

We always assume this.




Time development of the particle and antiparticle

t = 0: only strong and electromagnetic interactions
t > 0: weak interactions are switched on and P and P start to decay,

f) weak interaction decay products
eigenstates of strong and electromagnetic interactions

(H +H,,) f)=E;f)

A general state
(1)) =a(t) P)+b(t) P)+ ;cf(f)\f )

Obtained by solving Schrodeinger equation,

() = (H 4 Ho+ Ho Yol0)



‘a(t)\z : fraction of P, ‘b(t)\z : fraction of P, ‘cf (t)‘2 : fraction of f

Initially at r =0

a(0)” +b(0

¢;(0) =0

H =H

)=

Due to decays, >0

a(r) + ()" + ;:cfo)z -1

unitarity of Hamiltonian.

a(t)\2 + \b(t)\z = decreases

cp(t)

2 .
‘ = INCreasces

ie. {ldHB)} =(BH a)=(pH)



Solution of the particle anti-particle system

By introducing Y(r)) = g~ )t“/’(f )>D

the Schrodinger equation

e,

() = (H o+ H o+ H ) (e)
becomes

o vl ~i(H +H,, )t H,+H,)t. 0 ,
( s em)e lé’t‘w( )>D

= (Hs + Hw + Hem )e_i(HS+Hem )

Y(t)), +e™

(1)),

By operating &' *7)  from the left

i %\w(r)}D =V(t)y(t)),  Dirac representation

where



By introducing,
&(t) _ a(t)ei(HS+Hem )t , g(l‘) _ b(t)ei(Hs+Hem)t , Xf (f) _ Cf (t)ei(Hs+Hem )t

we get

Y, = ()
= N a(0) P+ b(t) P) + ;Cf(t)‘f )
= a(1) P)+b(1)P)+ e (1) f)

and !
00 =V i),

become
.0 . L0 2~ . 0
lga(t)‘P>+l§b(t)‘P>+;ngf(t)‘f[>



By operating (P, (P, (f| from left, it follows that
.0 . N =\ i\my—E, )t
zata<r>=<PHWP>a<r>+<PHWP>b<t>+§e< “VPH, (1)

o1 7
and
Eeml fil P b(e)

[ +; ei(Ef—Ef’)t<fHWf,>Xf,(t)}

Wigner-Weiskopf approximation:
ignoring the weak interaction between the final states.

(flH,[f")=0



It follows that

0 .

atxf(t)=—ze [Er-m) [<waP> (1)+ <waP>l;(t)]

Integration over ¢

% (6)==if dee“ V] £ 1, Poa(e)+ f HL P B()]

- lim [irH, Pa()+ fH, P b))

e=+0my —E, +i€

ei(Ef—mO)t
[+ im | rmr Laoye rmp b >U

e=+0my —E, +i€ ot dt

By recalling |
i alt)= P H, Pa(r) <PHWP>£<r>+;e’<m°'Ef>f<PHWf>xf<r>
i;5<r>=<PHWP>a<z>+<PHWP>13<r>+§e"<m0"ff>f<Pwa>xf<r>

the second term can be truncated since H, >



USing ei(Ef -m, )t

£)=li
a0 egﬂ)mo-Efng

|\fH, Pa(r)+ fH,Pb)]

1t follows
i alt)= P H,Pa(r)+ PH,P )+ 3" PH, f ()
f

=(P\H,|/P)a(t)+ P H, Pb(t) o
+nm§;<f’ﬂ o Ayl )+ (P 1P )

e=>+0 7 E +i€

Now % (?) is eliminated from the equations!
Similarly,

ot B N -
i PHJS fHPa()+ PH, f fH, P b(1)
e=>+07 my—E; +ie




By using the relation
lim Lo P(l) —imd(x)

e>+0 X + 1€ X

1t follows that

i % a(r)= P H, Pa(r)+ PH, P b()

ot
\PH,/f)/ fH,Pa(t)+ PH,f) fH,Pb(t)
my—E,+ie

+ lim ),
e—+0 I

=P H,/Pa(t)+ PH,Pb)
\PH,/f) fH,Pa(t)+ PH,f) fH,Pb()

+>P
S

-in3 [(PH,f/fH,Pa()+ PH, [ fH,Pb(1)s(m-E,)



ot

+

+P

i % a(r)= P H, Pa(r)+ PH, P ()

3 \PH, f/fH,Pa(t)+ PH, [ fH,P b

7 mg — E;

PIH, P +}P

(<PHWf><fHWP>
f

PH, P>+EP(<PHWf><fHWP>

7 my = E;

xS PHLS FHP ) PHLLPH P O )

f

—in§<Pwa><waP>5(mo -E;)|b

~iwy, PH,/f) fH,Pdm~E,)




Master equation describing the time evolution of
P, a(t) and P, b(¢).

.0 fa(t)) _ ,{a(t)
o (b(t)) B A(b(f ))

l M M [ (T I
A=|\/|—I‘=( 11 12)_( 11 12)
2 My My) 2\015 Iy

- Elements of mass (M) and decay matrices (1)

M, =my+(PHyP)+ P (P Hy|f ) fIHy|P)
7 my—E,

My, =mq+(PIH,P)+ Ep(@’ Hylf ) f1Hy|P)
7 my—E,

f’s are all possible P or P decay states; virtual and real



I, = 2n§‘<P\HW\ £ 8(my - E;)
T, = 2;:;\@ Hy|f) 8(my - E,)

f’s are all possible real decay states, 1.e. I'"s are decay widths.

\PIHy\f )\ f1Hy|P)
my—E;

M, =(PHylP)+YP
f

f's are all possible decay states common to P and P; virtual and real
Dy =273 (PlHy |f) fHy [P)d(mo - Ey )
f

f’s are all possible real decay states, common to P and P.

NB: M =M, T"=T,but A'= (M - iA2) = A =M - iA2

—> la()I> + |b(¢)I? : not conserved



CPT, CP and T properties

If Hy, 1s invariant under T transformation,

(PH,|P)=(PT'TH,T'TP)

"U

\PT'H,TP
{(PTH, TP}

(PIH, P ™
<

\/

H , 1s hermitian

W‘P>€ 0,-0;)

“UI

For (P\H,|P) we just get a trivial relation
\PIH,P)=(P/H|P)



§<P\HW\ f)fH,P)=3(PT'TH,T'T| f>< Vi HWTTT\P>
f

T transformed _ E
state ~

f1s summed over all final states of all possible kinematics:

—< 7 } 2101 = 2l ) ]
f 7

§<P‘Hw‘f (fIH,P)= ;<P\Hw\f><f\HW‘p>ei(0T—9T)

Therefore, AlZ_A21€( -6, )




If Hyy, 1s invariant under CP transformation,
\PH,P)=(P(CP)'CPH, (CP) CPP)

-(P(CP)'H,CPP)

=(P|H, |P)e™"* e

\PH,P)=(P(CP) CPH,(CP)'CPP|

I
A~

(CP)'H,CPP)

I
~

H,P)



§<P\Hw\f><f\Hw\l_’>

S.(P(cP) cPH,(CP)'CPf) f(CP) CPH,(CP)'CPP)
f

\P(CP) H,CPf){f(CP) H,CPP)

- -t

\PIH.,\f)(fIH,|P)e™""
f1s summed over all final states of all possible kinematics:

2= 210
/ 7

§<P H,|f)(f/H,P)= §<F H|f)(fH, Pl

-2i6
Therefore, A, =A,e "7 A=Ay




Similar for CP and CPT transformations and

It CPT 1s conserved, A, = A,,
It T 1s conserved, IA,| = [A,]
It CP1s conserved, A, = Ay, and |A,| = 1A,

l

It A, # A,,,CPT and CP are not conserved
It IA,l = IA,,l, T and CP are not conserved

1.e. CP 1s not conserved for the both cases.

We assume CPT.

M, =M, =M, T, =T,,=Tie. A=A, =A.



NB: for charged particles,i.c. P=P and P=P"

no common decay final states between P" and P

M, =<PHWP>+EP(<PH f>_<]; W‘P>

= ()

o =273 (PUHy ) 1Hy P13(my = Er) =0

: [a(t)} [M— iT/2 0 }[a(t)}
b or b(t) 0 M- 1172 J)\b(¥)

la(t) 1> < exp (-T" 1)
| b(t) I < exp (-T" 1)

} simple exponential decays




Master equation becomes

ig(a(t)) (A A12)(a(f))
ot b(t) _\Azl A \b(1)

M-~ M12__r12 (

a(r)
b(1)

_ Aa(t)+ A,b(1) - ()= [iaa(t)—/\a(t)]

ot A, ot

inserting b(¢)

. dalt
P 21A$+ (AppAy - Aa(t) =0




General solution 1s given by

C, defined
a(t) = C+e‘””+t +C ™M by the initial
conditions.
where
)Li -2AA, - (A12A21 ~ Az) =0
1.c.
Ay
are the eigenvalues of A.
Then,
b(t) = é'(c&_m*t - C_e_i)”-t)
where



An 1nitial condition: P is produced at1 =0
¥(0))=[P), ie. a(0)=C,+C_=1,b(0)=C, -C_=0




It follows that

I
e

I
a s
>
W
=

i

P, are eigenstates of A,

A, =m, - %I‘i; m,=ReA,, I, =-2ImA, mass and decay width




Oscillations between P and P

Probability for the initial P remains as P at a given time ¢

1

PIP() =110 -

( L e 4267 cos Amt)

Probability for the initial P changes toPata given time t:

PP - 0 - (e

+e M 2 cos Amt)

T=F++I‘_

, Am=m_—-m,

Flavour eigenstates P and P are not “physical” states, 1.e.
have neither definite masses nor decay widths.




0 0
Time dependent probabilities K(=0)- I_<
for the neutral kaon case. @ KU(t =(0) — KU
[ >>1
[, =Am
(K-meson)
05+
O | | | |







spring

y

paddle




Probability to find P, in the initial P at a given time #:

2
(P = e

P, are physical states.

P and P are orthogonal:
(PIP)=(P|P)=1, (P|P)=0

P, and P_ may not be orthogonal:
2
(PIP)=(P.IP)=1, (B|P.)=1-[



Another initial condition: P is produced at ¢ = 0

Y(0))=|P), ie. a(0)=C,+C_=0,b(0)=C,-C_=1
C,=—C. =%
\ <r>>=§f_<r>\P>+f+<r>\P>
_ 1;@@ ( —l)»t‘ +>_e—i)L_t‘P_>)

P(t)) «<— CP conjugated states — | P(?))




CP and T violating case

Probability for the initial P changes to Pata given time t:

& (™

PP =l (0 =&

e _2e7 1 cos Amt)

CP conjugated processes to each other.
Not 1dentical if =1 CP violation in the oscillation

NB: If H, is invariant under CP: A, = AZIe_zi Ocr
C _ ﬁ _ ei(HCP+n”Jr)

Ay,
ie. |G=
Probability for the initialfchanges to P at a given time t:
2
‘<P‘F(t)>‘2 = éf_(t) = 41§2(€_FJ +e —2¢ " cos Amt)




Probability for the initial P changes to Pata given time t:

& (™

PP - () -4

e _2e7 1 cos Amt)

T conjugated processes to each other.
Not 1dentical if |{=1 T violation in the oscillation

NB: If H,, is invariant under T: Ay, = Ayt o)

A i(HT ~Or +n”n)
A12

ie. [g=

Probability for the initialfchanges to P at a given time t:

S
—f (¢ __
f-(¢) e

KP ‘ P(t)>‘2 = (e_rj +e ' —2¢ 1 cos Amt)




CP and T violation in oscillations for the neutral kaon decays
K’ =(ds)
Flavour eigenstates { KO _ (a s) > CP conjugated

Identification of the initial state:

Initial state at # =0: pp annihilation at rest

KK #
pp {KOK+.7T_
K™ =(us
S=0 S=0 (us)
K™ = (us)

K'n~—=K’ Kz —K°




Identification of the final states:

Semileptonic decays are used to directly measure this...

1.e. flavour specific decay modes

. Aq = As rule

-,
.
-’
.
-’

»
»

e <

14
<t
S < u S
d . d d-
K’ T K°
q:() = -1 q:()
s=+1 s=0 s=-1
Ag =-1
As =—1

final states are specific to the flavour,

1.e. the particle and the anti-particle

qg=+1
s=0

(no hadronic decay mode available for the neutral kaons)



VL
2
o =LA@ (p)un(pa)a (ps)Hy K )
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\C\z\ f_(t)\2 probability for the initial K® oscillates to K"
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f(7) / “;‘2 probability for the initial K* oscillates to K"

CP and T asymmetry
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Small CP and T in K-K oscillations



