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Symmetries I

T.D. Lee: “The root to all symmetry principles lies in the
assumption that it is impossible to observe certain basic
quantities; the non-observables.”

There are four main type of symmetries:

• Permuation symmetry:
Bose-Einstain and Fermi-Dirac statistics

• Continous space-time symmetries:
translation, rotation, acceleration

• Discrete symmetries:
space inversion, time inversion, charge inversion

• unitarity symmetries: gauge invariances:
U1(charge), SU2(isospin), SU3(color), ...

Noether Theorem: symmetry ⇔ conservation law
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Symmetries II
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Discrete Symmetries C,P,T
• Parity, P

• Partiy reflects a system through the origin
Converts RH coordinate system to LH ones

• Vectors change sign, but axial vectors
remain unchanged

~x→ −~x, ~p→ −~p, but ~L = ~x× ~p→ ~L

• Charge Conjugation, C

• Turns a particle into its anti-particle
e+ → e−, K− → K+

• Time Reversal, T

• Changes, e.g. the direction of motion of
particles: t→ −t
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Recall: Dirac Matrices

γ0 =





I 0

0 I



 ; γi =





0 σi

−σi 0



 , i = 1, 2, 3; γ5 =





0 I

I 0



 ;

I : 2×2 unit matrix; σi: Pauli matrices

Four-component spinors ψ =













ψ1

ψ2

ψ3

ψ4













;

Projection to left/right handed part: 1−γ5

2 ψ = ψL; 1+γ5

2 ψ = ψR
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Recall: Transformation Properties

P C

(~x, t) → ( ~−x, t) (~x, t)

scalar field: Φ(~x, t) → Φ( ~−x, t) Φ†(~x, t)

pseudo field: P (~x, t) → −P ( ~−x, t) P †(~x, t)

dirac field: ψ(~x, t) → γ0ψ( ~−x, t) iγ2γ0ψ
T
(~x, t)

vector field: Vµ(~x, t) → V µ(−~x, t) −V †
µ (~x, t)

axial field: Aµ(~x, t) → −Aµ(−~x, t) A†
µ(~x, t)

P C CP

S: ψ1ψ2 → ψ1ψ2 ψ2ψ1 ψ2ψ1

P: ψ1γ5ψ2 → −ψ1γ5ψ2 ψ2γ5ψ1 −ψ2γ5ψ1

V: ψ1γµψ2 → ψ1γ
µψ2 −ψ2γµψ1 −ψ2γ

µψ1

A: ψ1γµγ5ψ2 → −ψ1γ
µγ5ψ2 ψ2γµγ5ψ1 −ψ2γ

µγ5ψ1

(from “CP Violation/Jarlskog” or “CP Violation/Branco”) Stephanie Hansmann-Menzemer – p.6/64



P Violation of Weak Interaction (CC)

Maximal Parity violation of weak interaction (charged current)!
(max. violation of symmetrie: transformed process doesn’t exist)
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P & C Violation in Weak IA (CC)

C
W+ → νLe

+

L ⇒ W− → νLe
−
L

Jµ = ψνγµ
1−γ5

2
ψe = νLγµeL Jµ = −ψeγµ

1+γ5

2
ψν = −eRγµνR

P ⇓ P ⇓

C
W+ → νRe

+

R ⇒ W− → νLe
−
L

Jµ = ψνγµ
1+γ5

2
ψe = νRγµeR Jµ = −ψeγµ

1−γ5

2
ψν = −eLγµνL

W+
νL

e−
L

W+
νR

e−
R

W−
νL

e+L

W−
νR

e+R
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P & C Violation in Weak IA (CC)

C
W+ → νLe

+

L ⇒ W− → νLe
−
L

Jµ = ψνγµ
1−γ5

2
ψe = νLγµeL Jµ = −ψeγµ

1+γ5

2
ψν = −eRγµνR

P ⇓ P ⇓

C
W+ → νRe

+

R ⇒ W− → νLe
−
L

Jµ = ψνγ
µ 1+γ5

2
ψe = νRγ

µeR Jµ = −ψ̄eγµ
1−γ5

2
ψν = −ēLγµνL

W+
νL

e−
L

W+
νR

e−
R

W−
ν̄L

e+L

W−
ν̄R

e+R
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P & C Violation in Weak IA (CC)

C
W+ → νLe

+

L ⇒ W− → ν̄Le
−
L

Jµ = ψ̄νγµ
1−γ5

2
ψe = ν̄LγµeL Jµ = −ψ̄eγµ

1+γ5

2
ψν = −ēRγµνR

P ⇓ P ⇓

C
W+ → νRe

+

R ⇒ W− → νLe
−
L

Jµ = ψ̄νγ
µ 1+γ5

2
ψe = ν̄Rγ

µeR Jµ = −ψ̄eγµ
1−γ5

2
ψν = −ēLγµνL

W+
νL

e−
L

W+
νR

e−
R

W−
ν̄L

e+L

W−
ν̄R

e+R

Seems to be CP conserving, on first glance
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P Violation in NC?

Jµ = ψ̄fγµ(gV − gAγ
5)ψf

LH: gL × g
cos θW

mit gL = T
f
3 −Qf sin2 θW

RH: gR × g
cos θW

mit gR = −Qf sin2 θW

Example:

ν: gL = +1
2 gR = 0 e: gL = −0.27 gR = +0.23

Instead of gl and gR the vector and axial couplings often used:

gV = gL + gR gA = gL − gR
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B
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CPT Invariance I
Invariance formal: [CPT,X] = 0 ↔ (CPT )X(CPT )−1 = X

X (operator of an observable) commute with transformation

however not equiv. to (CPT ) = 1

initial state π−(~p1)p(~p2) → K0(~p3)Λ(~p4)

P transformation π−(−~p1)p(−~p2) → K0(−~p3)Λ(−~p4)

C transformation π+(−~p1)p̄(−~p2) → K̄0(−~p3)Λ̄(−~p4)

T transformation K̄0(~p3)Λ̄(~p4) → π+(~p1)p̄(~p2)

Completely different process, but same matrix element!

Invariance under any transformation T:
transformed process has same probability to happen as initial one,
or Lagrangien is invariant under T.

Stephanie Hansmann-Menzemer – p.13/64



CPT Invariance II
Local Field theories always respect:

• Lorentz Invariance

• Symmetry under CPT operation
→ mass of particle = mass of anti-particle
→ total decay rate of particle = total decay rate of anti-particle
(proof Lüders, Pauli, Schwinger)

• Question 1:

Mass diff. betweenKL andKS : ∆m = 3.5× 10−6 eV; CPT violation?

• Question 2: Lifetime of Ks = 0.089ns, while lifetime of KL = 51.7ns;

CPT violation?

• Question 3:

B factories measure decay rate B → J/ψKs and B̄ → J/ψKs to be

clearly not the same. How can it be?
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Toy Theory (I)

Consider a spin-1/2(Dirac) particle (“nuclean”) interacting with a
spin-0 (Sclar) object (“meson”).
For simplicity, here real scalar field

L = iψ̄γµ∂µψ − iψ̄γµ∂
µψ −mψ̄ψ nucleon field

+1

2
∂µφ̄∂µφ− V (φ)2 meson potential

+ψ̄(a+ ibγ5)ψφ+ ψ̄(a∗ − ib∗γ5)ψφ nuclean-meson IA

What are the symmetries under C, P, CP?
Can a,b be any complexe number?
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Toy Theory (II)

Consider a spin-1/2(Dirac) particle (“nuclean”) interacting with a
spin-0 (Sclar) object (“meson”).
For simplicity, here real scalar field

L = iψ̄γµ∂µψ − iψ̄γµ∂
µψ −mψ̄ψ nucleon field

+1

2
∂µφ̄∂µφ− V (φ)2 meson potential

+ψ̄(a+ ibγ5)ψφ+ ψ̄(a∗ − ib∗γ5)ψφ nuclean-meson IA

vector field, scalar, pseudo-scalar
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Toy Theory III
L = iψ̄γµ∂µψ − iψ̄γµ∂

µψ −mψ̄ψ

+1
2
∂µφ∂µφ− V (φ)2

+ψ̄(a+ ibγ5)ψφ+ ψ̄(a∗ − ib∗γ5)ψφ

L = iψ̄γµ∂
µψ − iψ̄γµ∂µψ −mψ̄ψ

+1
2
∂µφ̄∂µφ− V (φ)2 P transformation

+ψ̄(a− ibγ5)ψφ+ ψ̄(a∗ + ib∗γ5)ψφ

L = −iψ̄γµ∂µψ + iψ̄γµ∂
µψ −mψ̄ψ

+1
2
∂µφ̄∂µφ− V (φ)2 C transformation

+ψ̄(a+ ibγ5)ψφ+ ψ̄(a∗ − ib∗γ5)ψφ

L = −iψ̄γµ∂
µψ + iψ̄γµ∂µψ −mψ̄ψ

+1
2
∂µφ̄∂µφ− V (φ)2 CP transformation

+ψ̄(a+ ibγ5)ψφ+ ψ̄(a∗ − ib∗γ5)ψφ Stephanie Hansmann-Menzemer – p.17/64



Local Gauge Invariance
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Gauge Field
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Standard Model Lagrangian

LSM = LKinetic + LHiggs + LY ukawa

• LKinetic: Introduce the massless fermion fields
Require local gauge invariance → gauge bosons
⇒ CP conserving

• LHiggs: Introuce Higgs potential with < φ >6= 0

Spontaneous sym. breaking →W+, W− & Z0 get masses
⇒ CP conserving

• LY ukawa: Ad hoc interaction between Higgs field & fermions
⇒ CP violating with a single phase

• LY ukawa → Lmass:
fermion weak eigenstates - mass matrix non-diagonal ⇒ CPV
fermion mass eigenstates - mass matrix diagonal ⇒ no CPV

• LKinetic for mass eigenst.: CKM matrix CPV w. single phase
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LKinetic
LKinetic : Fermions + gauge bosons + interactions

Introduce fermion fields;demand local gauge invariance

Start with the Dirac Lagrangian: L = iψ̄(∂µγµ)ψ

Replace: ∂µ → Dµ = ∂µ + igsG
µ
aLa + igWµ

b Tb + igBµY

Fields: Gµa 8 gluons

Fields: Wµ
b : weak bosons W1, W2, W3

Fields: Bµ: hypercharge bosons

Generators: La: Gel-Mann matrices λ
2 (3×3) SU(3)c

Tb: Pauli matrices σ
2 (2×2) SU(2)L

Y : Hypercharge U(1)Y

For the remainder we only consider electroweak SU(2)L × U(1)Y
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LKinetic

q = quarks, leptons;

(

qjL

q
′

jL

)

, qjR, q
′

jR with j = 1,2,3

LKinetic =
∑N

j=1[(q, q
′)j,Liγ

µ(∂µ − ig1
~σ
2
~Wµ − ig2

1
6
~Bµ)





qj,L

q
′

j,L





Kinetic =qjRiγ
µ(∂µ−ig1 2

3
~Bµ)gjR+q

′

jRiγ
µ(∂µ−ig1 −1

3
~Bµ)q

′

jR]+h.c.

Lagrangian violates P and C, but conserves CP

vector & axial vector:

iψ̄Lγ
µψL = iψ̄γµ 1−γ5

2 ψ→ P → iψ̄γµ
1+γ5

2 ψ

iψ̄Lγ
µψL = iψ̄γµ 1−γ5

2 ψ→ C → iψ̄γµ−1−γ5

2 ψ = −iψ̄γµ 1+γ5

2 ψ

vector feld:
i~σ ~W → P → i~σ ~W

i~σ ~W → C →−i(~σ ~W )† Stephanie Hansmann-Menzemer – p.22/64



LHiggs & Symmetrie Breaking

LHiggs = Dµφ
†Dµφ−VH ; VH = 1

2
µ2(φ†φ)+ |λ|(φ†φ)2

φ†φ: real scalar field → conserves C, P and consequently CP

φ =

(

φ+

φ0

)

= 1√
2

(

φ1 + iφ2

φ0 + iφ3

)

Spontaneous Symmetry Breaking:
The Higgs field adopts a non-zero vacuum expectation value
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LY ukawa
Add ad-hoc IA between φ and fermions in gauge invariante way:
only quarks right now

LY ukawa =
PN
j,k=1

0

@Yjk(q, q
′)jL

0

@

φ0∗

−φ−

1

A qkR + Y
′

jk
(q, q′)jL

0

@

φ+

φ0

1

A q
′

kR
+ h.c.

1

A

Spontaneous symmetrie breaking:

φ0 → φ0 + v; φ =





0

φ0 + v





→ 3 Higgs fields eaten up → W,Z boson gets massive

→ Higgs boson appears

LYukawa =
∑N
j,k=1

(

mjkqjLqkR +m
′

jkq
′

jLq
′

kR + h.c.
)

(1+ φ0

v
)

mjk = − v√
2
Yjk, m

′

jk = − v√
2
Y

′

jk

no physical quark fields (no mass eigenstates)
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LY ukawa
LY ukawa =

∑N
j,k=1

(

mjkqjLqkR +m
′

jkq
′

jLq
′

kR + h.c.
)

(1 + φ0

v )

All terms occur in pairs (+ h.c.) such as:

Yijψ̄LiφψRj + Y ∗
ijψ̄Rjφ

†ψLi

⇓ CP transformation

Yijψ̄Rjφ
†ψLi + Y ∗

ijψ̄LiφψRj

If Vij 6= V ∗
ij , LY ukawa violates CP

formally: CPV ⇔ Im(det[Y Y †, Y
′

Y
′†]) 6= 0

(related to add. degrees of freedom, quark phases)
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Physical Quark Fields
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LY ukawa → Lmass

Lmass = (1−φ0

v )(muu
physuphys+mcs

physsphys+mtt
physt

phys
+

mdd
physd

phys
+msc

physcphys +mbb
physb

phys
+ h.c.)

Conserves C and P seperately, thus as well CP

however go back to LKinetic and write it with mass eigenstates ...
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Charged Current IA

Rewrite CC part of LKinetic with respect to mass eigenstates

XC = [W 1
µ − iW 2

µ ]qLγ
µq

′

L + h.c.

= [W 1
µ − iW 2

µ ]qphysL γµULU
′†
L q

′phys
L + h.c.

= [W 1
µ − iW 2

µ ]qphysL γµV q
′phys
L + h.c. = [W 1

µ − iW 2
µ ]Jµc + h.c.
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CP Violation & Mixing Matrix

CC is maximally P and C violating;
CP conservation requires V to be real

XC = [W 1
µ−iW 2

µ ]ujγ
µVjk(1−γ5)dk+[W 1

µ +iW 2
µ ]dkγ

µV ∗
jk(1−γ5)uj

⇓ CP Transformation

[W 1
µ + iW 2

µ ]dkγ
µVjk(1 − γ5)uj + [W 1

µ − iW 2
µ ]ujγ

µV ∗
jk(1 − γ5)dk

Same CP Violation as in Yukawa term (directly inherited).
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Standard Model Lagrangian

LSM = LKinetic + LHiggs + LY ukawa

• LKinetic: Introduce the massless fermion fields
Require local gauge invariance → gauge bosons
⇒ CP conserving

• LHiggs: Introuce Higgs potential with < φ >6= 0

Spontaneous sym. breaking →W+, W− & Z0 get masses
⇒ CP conserving

• LY ukawa: Ad hoc interaction between Higgs field & fermions
⇒ CP violating with a single phase

• LY ukawa → Lmass:
fermion weak eigenstates - mass matrix non-diagonal ⇒ CPV
fermion mass eigenstates - mass matrix diagonal ⇒ no CPV

• LKinetic for mass eigenst.: CKM matrix CPV w. single phase
Stephanie Hansmann-Menzemer – p.30/64



CKM Matrix I






d
′

s
′

b
′






=







Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb













d

s

b







flavour CKM matrix mass

18 parameters (9 complex elements)
-5 relative quark phases (unobservable)
-9 unitarity conditions
————————-
= 4 independent parameters 3 Euler angles and 1 Phase

4 fundamental Standard Model Parameters (out of ∼28)
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CKM Matrix II

Lagrangian insensitive to phases of left-handed fields:
possible redefinition:

uL → eiφ(u)uL cL → eiφ(c)cL tL → eiφ(t)tL

dL → eiφ(d)dL sL → eiφ(s)sL bL → eiφ(b)bL

φ(q): real numbers

V =











e−iφ(u) 0 0

0 e−iφ(c) 0

0 0 e−iφ(t)





















Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





















e−iφ(d) 0 0

0 eiφ(s) 0

0 0 eiφ(b)











5 unobservable phase differences.
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Standard Model & CPV

• CP is explicitly broken

• There is a single source (phase) of CP violation

• CPV appears only in charge current interaction of quarks
→ flavour changing interactions

• CPV direct consequence of spontaneous symmetry breaking.
Addresses the question of origin of matter, beyond the search
for the Higgs boson
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CKM Matrix III

u c t

d s b 

u

d ’

c

s ’

t

b ’

Diagonal elements of CKM matrix are close to one.
Only small of diagonal contributions.
Mixing between quark families is “CKM suppressed”.
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Unitarity Triangle I

Wolfenstein Parameterization: λ, A, ρ, η; (λ ≈ 0.22)

VCKM =











Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb











VCKM =











1 − λ2

2 λ Aλ3(ρ− iη)

−λ 1 − λ2

2 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1











+ O(λ4)

Only very small complexe contributions, up to third order
in λ (∼ 0.5%) only in Vub and Vtd
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Unitarity Triangle I
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Unitarity Triangle II
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Unitarity Triangle III

ρ-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

η

0

0.1

0.2

0.3

0.4

0.5

0.6

α

βγ

ρ-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

η

0

0.1

0.2

0.3

0.4

0.5

0.6 Summer 2007

CKM
f i t t e r

γ

γ

α

α

dm∆
dm∆ & sm∆

Kε

Kε

ubV

βsin2
 < 0βsol. w/ cos2

(excl. at CL > 0.95)

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
>

 0
.9

5

Current status of knowledge on “the” CKM triangle.
Sofar all measurements consistent with each other.
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Phenomenology of Mixing I

t

ts

s

b

b

Bs Bs

V V

VV

tb ts

ts tb

t t

s

s

b

b

Bs Bs

V V

VV

tb ts

ts tb

Schrödinger equation:

i
d

dt





B0

B̄0



 = H





B0

B̄0



 =





H11 H21

H12 H22









B0

B̄0





=
(

M − i
2Γ
)





B0

B̄0



 =





m11 − i
2Γ11 m21 − i

2Γ21

m12 − i
2Γ12 m22 − i

2Γ22









B0

B̄0





CPT theorem:

m11 = m22 = m(B0) = m(B̄0)

Γ11 = Γ22 = Γ

= 1
τ(B0)

= 1
τ(B̄0)

off-diagonal elements ⇒ mixing

M , Γ hermetic:

m12 = m∗
21, Γ12 = Γ∗

21

m12 = ∆m; Γ12 = ∆Γ
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Phenomenology of Mixing II

H =

(

m11 − i
2Γ11

∆m
2 − i

2∆Γ
∆m
2 − i

2∆Γ m22 − i
2Γ22

)
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Phenomenology of Mixing III

kaons: mixing in decay and mixing in oscillation
D mesons: very slow mixing (discovered 2007 at Babar)
B mesons: mixing in oscillation (discovered 2006 at Tevatron)
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Phenomenology of Mixing IV

Diagonalizing of (M − i
2Γ) → mass eigen states:

|BL >= p|B0 > +q|B̄0 >, |BL(t) >= |BL > e−
ΓL

2
te−imLt

|BH >= p|B0 > −q|B̄0 >, |BH(t) >= |BH > e−
ΓH

2
te−imHt

|p|2 + |q|2 = 1 complex coefficients

Flavour eigenstates:

|B0 >= 1
2p(|BL > +|BH >)

|B̄0 >= 1
2q (|BL > −|BH >)

mH,L = m± Re
√
H12H21

ΓH,L = Γ ∓ 2Im
√
H12H21

∆m = mH −mL = 2Re
√
H12H21

∆Γ = ΓH − ΓL = −4Im
√
H12H21
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Phenomenology of Mixing V

CPT conversation!
P (B0 → B0) = P (B̄0 → B̄0) =
1
4

(

e−ΓLt + e−ΓH t + 2e−(ΓL+ΓH)t/2 cos(∆mt)
)

P (B0 → B̄0) = 1
4 |

q
p |2
(

e−ΓLt + e−ΓH t − 2e−(ΓL+ΓH)t/2 cos ∆mt
)

P (B̄0 → B0) = 1
4 |

p
q |2
(

e−ΓLt + e−ΓH t − 2e−(ΓL+ΓH)t/2 cos ∆mt
)

CP violation in mixing:

P (B0 → B̄0) 6= P (B̄0 → B0) ⇒ | qp | 6= 1
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Mixing @ Babar & CDF
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D Meson Mixing

x
′
2 = (−0.22 ± 0.30 ± 0.20) × 10−3

y
′
= (9.7 ± 4.4 ± 2.9) × 10−3

Stephanie Hansmann-Menzemer – p.46/64



CP Transformation & Weak Interaction
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CP Violation
CP violation: |A(B → f)|2 6= |A(B̄ → f̄)|2

Within weak interaction, moving from particle to antiparticle,
system amplitudes are complex conjugated.

No CP violation if:

• There is only one amplitude contributing to the decay:
|A|2 = |A∗|2

• The sum of two amplitudes, where both are complex
conjugated when moving from particle to antiparticle system:
|A1 + A2|2 = (A1 + A2)(A∗

1 + A∗
2) = |A∗

1 + A∗
2|2

For CP violation one needs two complex amplitudes, where one of
them is complex conjugated and one not when moving from
particle to antiparticle system.
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CP Violation

B Bf f

CP

A1 = A1e
iφ1eiδ1

A2 = A2e
iφ2eiδ2

|A|2 =
A2

1 + A2
2 + 2A1A2 cos(∆φ+ ∆δ)

A1 = A1e
−iφ1eiδ1

A2 = A2e
−iφ2eiδ2

|A|2 =
A2

1 + A2
2 + 2A1A2 cos(−∆φ+ ∆δ)

A1 and A2 need to have different weak phases φ and
different CP invariant (e.g. strong) phases δ.
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CP Violation
3 Types of CP violation:
1) CP violation in mixing (not present in B system)

2) CP violation in decay (sometimes called “direct” CPV):
Different decay amplitudes contributing
to the same finals state

3) CP violation in interference:
Same final state can be reached directly via decay and as well
through mixing and then decay.
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CP Violation in B Mixing

t

ts

s

b

b

Bs Bs

V V

VV

tb ts

ts tb

xxxxxxxxxxxxxxxxxxxxxxxxx

t t

s

s

b

b

Bs Bs

V V

VV

tb ts

ts tb

2 dominant diagrams with same phase;
t dominates in loop (GIM mechanism)
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GIM Mechanism
GIM: Glashow, Iliopolus, Maiani (1970)

t

ts

s

b

b

Bs Bs

V V

VV

tb ts

ts tb

Equal quark masses, no mixing possible:
VudV

∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0

top not dominant, because it is so heavy, however due to
mu ∼ mc 6= mt

Historically this resulted in the prediction of the charm quark!
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CP Violation in B Mixing

Model independent: CP violation in mixing < O( ∆Γ
∆m)

Bd Bs

∆m = mH - mL 0.5 ps−1 17.8 ps−1

∆Γ/Γ = (ΓL - ΓH )/Γ O(0.01) O(0.1)

τ = 1/Γ 1.5 ps 1.5 ps
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CP Violation in B Mixing

Model independent: CP violation in mixing < O( ∆Γ
∆m)

Bd Bs

∆m = mH - mL 0.5 ps−1 17.8 ps−1

∆Γ/Γ = (ΓL - ΓH )/Γ O(0.01) O(0.1)

τ = 1/Γ 1.5 ps 1.5 ps

∆Γ
∆m = ∆Γ

Γ
Γ

∆m = ∆Γ
Γ

1
τ∗∆m

Bd : O(0.01) 1
1.5ps∗0.5ps−1 ∼ O(0.01)

Bs : O(0.1) 1
1.5ps∗18ps−1 ∼ O(0.01)

CP violation in Bd/s Mixing is negligible!
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CP Violation in Decay

B K π+    −0

W

W

g

B0

0B

s

u

s

u

u

d

b

d

d

b u

K

K

π

π −

+    

−

+    

A1e
i∗arg(V ∗

ubVus)eiδ1

A2e
i∗arg(V ∗

tbVts)eiδ2

CP Asymmetrie:

|Ā|2 − |A|2 = 2|A1||A2|[cos(arg(V ∗
tbVts) + ∆δ) − cos(arg(V ∗

tbVts) − ∆δ)]
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CP Violation in Decay
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CP Violation in Interference
Same final state through decay & mixing + decay

KsKs

b

d d
s

cJ /ψ  

s
d

c
c

c J/ψ  b

d b

d

A1 = Amix(B0 → B0) ∗ Adecay(B
0 → J/ΨKs)

= cos(
∆mt

2
) ∗A ∗ eiω

A2 = Amix(B0 → B̄0) ∗ Adecay(B̄0 → J/ΨKs)

= i sin(
∆mt

2
) ∗ e+iφ ∗A ∗ e−iω

∆φ = φ− 2ω (assume no CP violation in mixing and in decay)

∆δ = π/2 ⇐ mixing introduces second phase difference

Stephanie Hansmann-Menzemer – p.56/64



Bd → J/ψKs

KsKs

b

d d
s

cJ /ψ  

s
d

c
c

c J/ψ  b

d b

d

Asymmetrie(t) =
Γ(B̄ → J/ψKs)(t) − Γ(B → J/ψKs)(t)

Γ(B̄ → J/ψKs)(t) + Γ(B → J/ψKs)(t)

= ξ sin(φmix − 2ω) ∗ sin(∆mdt)

CP |J/ψKs > = ξ|J/ψKs > = -1|J/ψKs >

φmix = arg((VtdV
∗
tb)

2) = 2β

ω = arg((VcbV
∗
cs)(VusV

∗
ud)) = 0

VCKM =

0

B

B

@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

C

C

A

=

0

B

B

@

1 − λ

2
λ Aλ3(ρ − iη)

−λ 1 − λ
2

2
Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

1

C

C

A

+O(λ4)
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CP |J/ψKs >

J /ψ  

s

c
c

b

d
d

Ks

Bd : JP = 0−1 (Pseudoskalar)

J/ψ: : JCP = 1−1−1 (Vector)

Ks: : JCP = 0−1−1 (Pseudoskalar)
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CP |J/ψKs >

J /ψ  

s

c
c

b

d
d

Ks

Bd : JP = 0−1 (Pseudoskalar)

J/ψ: : JCP = 1−1−1 (Vector)

Ks: : JCP = 0−1−1 (Pseudoskalar)

Drehimpulserhaltung:

0 = J (J/ψφ) = |~S + ~L|; → L = 1

P (J/ψφ) = P (J/ψ) ∗ P (φ) ∗ (−1)L

CP (J/ψφ) = CP (J/ψ) ∗ CP (φ) ∗ (−1)L

= −1;

→ CP odd Endzustand (ω = -1)
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Bd → J/ψKs

K
K

µ
µ

φ

/ψJ
+

+

−

−

tagging side

signal side

t0

π
π

µ
µ

+

+

−

− K

/ψ
signal side

J

tagging side

∆

∆t

t

s

A(t) = Γ(B̄→J/ψKs)(t)−Γ(B→J/ψKs)(t)
Γ(B̄→J/ψKs)(t)+Γ(B→J/ψKs)(t)

At B Factories, correlated states → at t = t0 Flavour of signal B
determined by Flavour of tagging B.
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Bd → J/ψKs

K
K

µ
µ

φ

/ψJ
+

+

−

−

tagging side

t0

π
π
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µ

+

+

−

− K

/ψ
signal side

J

tagging side

∆

∆t

t

π
/∆

2
m

π
/∆

m
A(t)

t

sin(2  )β

s

A(t) = sin(2β) sin(∆mt)
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Bd → J/ψKs

tagging side

signal side

t0
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Bd → J/ψKs

A(t) = sin(2β) sin(∆mdt)

Babar:
sin(2β) = 0.722 ± 0.040 ± 0.023

Belle:
sin(2β) = 0.652 ± 0.039 ± 0.020

Why is measured “raw asymmetry” smaller then sin(2β)?
Which quantities determine the resolution?

→ See Uli’s talk
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Esher’s View on CPV

⇔ ⇔
P transformation C transformation
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Hotel Lindenhof

Following people stay in Hotel Lindehof:

single room:
Gudrun Hiller, Christoph Ilgner, Michael Schmelling

double room:
Osvaldo Aqunes, Markward Britsch, Andreas Crivellin, Bjoern
Duling, Jenny Girrbach, Dmitry Popov, Stefan Schacht, Dominik
Scherer, David Straub, Danny van Dyk, Susanne Westhoff,
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