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Lectures: outline
1. Introduction: C, P, T symmetries and historical perspective

2. CP Violation (CPV) and mixing in K, B, D mesons; the Standard 
Model and the Cabibbo-Kobayashi-Maskawa (CKM) mechanism

3. Status of CPV in B mesons
1. Mixing; direct CPV in B decays
2. Unitarity Triangle (UT): measurements of sin2β, sin2α, γ
3. Overall UT fits

4. Status of CPV in K mesons

5. Searches for CPV in D mesons and in Electric Dipole Moments

6. Conclusions and outlook
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Contents
• Theory and formalism: a brief reminder only

– After the initial discovery in K mesons…
– … B mesons are specially suited for stringent experimental 

tests of a detailed pattern of theoretical expectations, 
including large asymmetries in some channels; 

– … D mesons are promising for New Physics searches, 
since the Standard Model predicts small CP effects

• Emphasis on present experiments and B mesons
– Observables, experimental facilities and methods
– Standard Model expectations (CKM mechanism) as 

organizing principle of a very rich phenomenology
– Summary of experimental results, with emphasis on:

• understanding their limits in precision and accuracy
• possible windows for New Physics
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Introduction

Why is CP Violation (CPV) interesting?
C, P, T symmetries

Historical perspective on CPV and Flavour



Why CPV ?



The anti-matter “puzzle”
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The present Universe is dominated by 
- matter (particles) and
- radiation (photons);
Anti-matter (anti-particles) became
very rare !  Why?

Evolution of Universe
In the Big Bang theory:
expansion, cooling

10-5 s   T ≅ 1013K   E ≅ 1 GeV
Soup of particles, antiparticles, radiation

in thermal equilibrium

E = mc2
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At present:
matter (baryons)/photons

Quark-antiquark “primordial”
asymmetry:

Quark-antiquark asymmetry: 
when and why ?
“baryogenesis”, t ≈ 10-35 s
(1) non-equilibrium
(2) B: not conserved
(3) CP symmetry: violated

Anti-matter: where did it go?

matter
antimatter
radiation

matter
radiation
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Big Bang: strong evidence

Light elements: 
Nucleosynthesis OK

Black-body radiation:
The universe is filled 
with (T = 3K) photons

Expanding universe:
speed is measured!
(red shift)

The transition to
Baryon asymmetry 
requires an explanation
at the level of 
fundamental interactions!



Baryogenesis: Sakharov conditions
• CPT: expectations

• Sakharov conditions
1) B violation

2) C, CP violation

3) Off-equilibrium !

• Standard Model of elementary particles and GUT extensions?
... Have the basic ingredients, but fail to explain baryogenesis by 

many orders of magnitude ⇒ “new physics” is required
See: A.Riotto, Theories of Baryogenesis, hep-ph/9807454
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Baryogenesis (SM, GUT)
CPV ⇒ different rates for
(off thermal equilibrium) 

(1) GUT bosons X, Y
decay and “decouple”:
a net quark-antiquark
asymmetry remains

(2) Excess quarks 
form hadrons
(baryons)
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The predicted asymmetry
is too small !
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CP Violation!
• CP violation has been observed in weak interactions   

(K and B mesons: mixing and decay)

• The Standard Model (SM) has a recipe for CPV            
(“CKM mechanism”), but no fundamental understanding 
of its origin

• Baryogenesis requires additional sources of CPV, 
beyond SM + GUT, that alone would predict             
nB/nγ ≈ 10-18 rather than the observed nB/nγ ≈ 10-9

• CPV is a very interesting probe of fundamental 
properties both of basic interactions among particles 
and of the universe evolution
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C, P, T : “discrete” symmetries



P and T in classical physics
Parity P

Time reversal T

rr rr
−↔

tt −↔

All the equations of classical physics are invariant for P, T transformations
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What about the “time arrow”?

2nd Law of Thermodynamics: non-equilibrium macroscopic systems 
evolve towards states with higher entropy (configurations microscopically
more probable)

This is explained by statistical mechanics and does not imply in any way 
a time-reversal asymmetry in the fundamental laws of microscopic physics
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Charge Conjugation C

hydrogen

p

e-

Anti-hydrogen

e+

p

• Charge conjugation C :                          
particle ↔ antiparticle
– No analogue in classical physics
– Relativistic quantum theory: 

• for every particle there is an anti-particle
• particle and antiparticle have identical 

mass and lifetime
• particle and antiparticle have opposite 

charges
– Electric charge, baryon and lepton 

number, flavour quantum numbers such 
as strangeness, etc.

• C symmetry (if realized) implies that:
– A system where all the particles are 

substituted with the corresponding 
antiparticles behaves as the original system

– It is a matter of convention which of them we 
call “particles” and which we call 
“antiparticles”
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C, P and CP
• Electromagnetic and strong interactions: 

– both C- and P-symmetric
• Weak interactions 

– violate maximally both the C and P symmetry
– are approximately symmetric for the combined CP

transformation
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h = -1  
(L-handed)
OK

h = +1  
(R-handed)
OK

h = +1  
does NOT
occur

h = -1  
does NOT
occur



Quantum Mechanics: C, P
C, P operators applied twice reproduce the initial state (up to a phase)

PPPP
P

=⇒=
=

1
12

unitary Hermitian
(observable)

CCCC
C

=⇒=
=

1
12

unitary Hermitian
(observable)

Eigenstates of P (C ) are characterized by the eigenvalue
“parity” (“C-parity”), a multiplicative quantum number

( )ψψηψ

ψ

1

:eigenstatean  is     if

±== PP ( )ψψηψ

ψ

1

:eigenstatean  is     if

±== CC
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NB: not all single particle states are C eigenstates! Can you guess which?



“intrinsic” parities
• When single particle states 

are eigenstates:
– P operator:             

“intrinsic parity” ηP = ±1
– C operator:            

“intrinsic C-parity” ηC = ±1

• Assignments: conventional 
for some particles; for the 
others: parity conservation, 
angular momentum etc.

• C-parity is only defined for 
particles that are “totally 
neutral” (all charges = 0,  
not only the electrical 
charge)
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Quantum Mechanics: T is “anti-unitary”
• Time reversal in Quantum Mechanics:

t → −t and   i → −i (complex conjugation)

– a simplified argument based on the invariance of the 
Schrodinger equation justifies the definition of the time 
reversal operator T as:

T = U K
K: complex conjugation
of all c-numbers 
standing on its right

U: Unitary
t → −t
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CPT Theorem
A quantum field theory that 

1. satisfies Lorentz and space-time translation invariance,
2. posesses a lowest “vacuum” state in its energy spectrum,
3. obeys “microcausality” (commutation or anticommutation relations 

between all distinct fields),
will be CPT-invariant:  [CPT, H ] = 0

Direct consequence: 
every particle has the same mass and lifetime as its antiparticle
magnetic moments are equal in size, opposite direction

CPT invariance and CP violation  ⇒ T violation
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CP (T ) Violation: “cherchez la phase”!
If a process is described by two amplitudes with a relative phase

Time reversal T in QM:
t→ - t and  i→ - i  (complex conj.)

CP Violation is a consequence of the interference term:

21 AeAM iδ+=

22

21
22

21
2 MAeAMAeAM i

T

CP

i ≠+=′+= −→ δδ

21)( AeAMCPM iδ−+==′
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CPV and Flavour

Historical (experimental) perspective



“strange” K mesons in cosmic rays
• 1944, L.Leprince-Ringuet & M.Lheritier
• 1947, G.D.Rochester & C.C.Butler [Nature, 160, 855 (1947)]

Cloud chamber exposed to cosmic rays
“V particles”: first evidence of “strange” matter, not present on earth, 

unstable
Neutral particle, mass
393 to 818 MeV/c2

Charged particle, mass
500 MeV/c2 to mp
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K+ → µ+νK0 → π+π−



Strangeness: K0 (S = +1), Λ (S = −1)
Experiments at accelerators: 

associate “strong” production (strangeness conserving)
σ (π−p → K0Λ) ≈ 1 mb ≈ σtot / 40

“weak” decay (strangeness violating)
τ (Λ → π−p) ≈ 10-10 s >> 10-23 s

as slow as π−p → π0Λ , strangeness-violating
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“hypercharge”
Y = B + S

K0, K0 :
different
particles!

B = +1 B = 0



Strangeness: K0 (S = +1), K0 (S = −1)
1955, Gell-Mann & Pais: 
predicted oscillations and long-lived neutral K

Also K0 is produced, for instance in K−p → Λ K0 K0

νπνπ

ππππ
−++−

−+−+

→→

→→

≠

eKeK
KK

KK

00

00

00

,
,

strong interaction (S) eigenstates, not weak or CP eigenstates

common weak decays ⇒ coupled!

different weak “semileptonic” decays 
⇒ a superposition can be analyzed!

Equal m (CPT), undefined τ : not “physical” states

July 10,  2006 L.Lanceri - CP Violation and Flavour - 1+2 25

( )

( ) 01000
2

1000
1

0
2

0
1

2
1
2

1
,

πππ

ππ

−+−=

−++=

⎯⎯ →⎯−=

⎯⎯ →⎯+=

CP
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KKK

KK “physical” (full hamiltonian) eigenstates, different m, well-defined τ

relatively short-lived

relatively long-lived
(less available phase-space)



Quantum Mechanics “laboratory” !

target
neutral K “beam”π− beam

π−p → K0Λ

neutral K beam composition:
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observed decays:
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0 lifetimes:

“strong” eigenst.
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0 component: 

disappears faster !
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Strangeness oscillations: K0
S & K0

L

1956, Lande et al. [Phys.Rev.103, 1901 (1956)]: 
observation of K0

2 ≈ K0
L with cloud chamber exposed to the 

Brookhaven Cosmotron 3-GeV beam
Lifetime estimated in the 10-9 – 10-6 s range (K0

1 ≈ K0
S : 10-10 s)

Lifetime, (recently) measured values:
τS ≡ 1/ΓS = (8.927 ± 0.009) × 10-11 s
τL ≡ 1/ΓL = (5.17 ± 0.04) × 10-8 s

1955, Pais & Piccioni: predict coherent “regeneration” of a K0
1

component in a beam of K0
2

factor 600 !

going through a target (matter)

π−p → K0Λ target neutral K “beam”
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“regenerator”

( )
ππππ 2,332

0
1

0
2

000
2

0 rKKKKKK +≈−∝

different
“absorptions”

K composition:
decays:



Regeneration of K0
S …

1960, F.Muller et al [Phys.Rev.Lett. 4, 
418 (1960)]: Regeneration and 
Mass Difference of Neutral K 
Mesons
– Beginning of systematic study of 

regeneration
– Different materials and thicknesses
– Regeneration depends also on ∆m     

⇒ ∆m  measurement

… paved also the way for the discovery 
of CP Violation:
– in some experiments there were 

hints of “anomalous” regeneration 
(2π decays of K2

0), possibly 
compatible with backgrounds
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2π decays

2π decays

2π decays



… and the discovery of CP violation
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• 1964, Christenson et al.
– Careful control of material to subtract 

regeneration background
– Double-arm spectrometer, spark chambers



Kobayashi and Maskawa
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• couplings Vqq among up and 
down quarks (3 families): 9 
complex numbers, may have  
an irreducible phase 

• phase ⇒ CP violation

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
=

tbtstd

cbcscd

ubusud

VVV
VVV
VVV

V

To obtain a phase
(source of CPV):

3 families of 2 quarks!
9 couplings 

3x3 unitary matrix

2 families of 2 quarks:
4 couplings 

2x2 unitary matrix:
No phase!

Di
sc
ov
er
ed
!



Theoretical predictions

• Kobayashi & Maskawa: CP violation can be explained 
by a phase in the quark mixing matrix, but then a third 
family of quarks is required!

• Later, after B meson discovery: Carter, Bigi & Sanda
suggested that, if the SM explanation of CP Violation 
effects is correct, then large CP asymmetries should 
be seen in “rare” B decays 
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Experiment: from the discovery of b quarks…
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"Observation of a Dimuon
Resonance at 9.5 GeV in 
400 GeV Proton-Nucleus 
Collisions," 
PRL 39, p. 252, (1977) 

Summer 1977 at FNAL:
Discovery of  Υ(9.46) → µ+µ−

interpreted as 13S1 bb
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… and the discovery of B=(bq) mesons…

CLEO Collaboration, "Observation of 
Exclusive Decay Modes of b-Flavored 
Mesons”,    PRL 50, p. 881 (1983) 

CESR at Cornell: 
“naked beauty”

e+e- → Υ(4S) → BB

BB threhsold

e+e- → hadrons



…to the birth of the “B-factories”…
(focus on CPV, experimental only)

meanwhile:
many results from
Cornell: CLEO,
LEP experiments,
FNAL: CDF, D0

and KEK-B/BELLE
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…and the observation of CPV in the Bd system!
Bd mesonsK mesons
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plot from BABAR
similar result 
from BELLE

…this is our 
starting point



Charged and neutral 
pseudoscalar mesons: 

a reminder

Decays and mixing
Time evolution and CP-violating observables

Theoretical interpretation: CKM



Mixing and decays
Coupled oscillators, with damping

0P 0P

0
1P 0

2P

Coupling ⇒ frequency (energy, mass) splitting (2 “normal modes”)
Damping ⇒ one of the two modes lasts longer…



Decays

Charged and neutral pseudoscalar mesons (P = K, D, B )
Some examples (we will start by discussing B mesons, in particular):

( )
( )ubB

ubB
=

=
−

+( )
( )sbB

BdbB

s

d

=

==
0

00( )
( )ucD

dsK
=

=
0

0

Decay amplitudes for  P → f and CP-conjugated states:

PHfAPHfA

PHfAPHfA

ff

ff

==

==

,

,
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Decays and mixing: example from K
decay = “damping” mixing = “coupling”

“tree”

“penguin”

“box”
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Mixing for P = K, D, B
Problem: find the time evolution of a neutral pseudoscalar meson P:
t = 0: superposition of strong “flavour” eigenstates (P0, P0 )
t > 0: also states n1, n2, n3, … to which P may decay

( ) ( ) ( ) ( ) ( ) ( ) ...332211
00 +++++= ntcntcntcPtbPtatψ
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( )
( )

( )
( ) 2;

0
,

1
; 00

ijijij iMHPP
ta

H
tadi Γ−=⎟⎟

⎞
⎜⎜
⎛

=⎟⎟
⎞

⎜⎜
⎛

=⎟⎟
⎞

⎜⎜
⎛

=⎟⎟
⎞

⎜⎜
⎛

“dispersive”
“absorptive”

Effective Hamiltonian approximation:

10tbtbdt ⎠⎝⎠⎝⎠⎝⎠⎝
hermitiannon-

hermitian
Strategy:
Basis: “flavour” eigenstates, unperturbed “strong” hamiltonian
Do not try to compute c1(t), c2(t), …: only a(t) and b(t) 
⇒ two-component wave function; hamiltonian in 2nd order perturbation theory
⇒ use proper time t (particle rest-frame)
⇒ find “mass eigenstates”, that evolve as “physical states” (…) ⇒ diagonalize H !



Hamiltonian & Perturbation Theory …

What is the matrix Hij ?  From 2nd order perturbation theory:

( ) jHnnHiEm
Em

jHnnHi
PjHimM

WW
n

nij

n n

WW
Wijij

∑

∑
−=Γ

−
++=

0

0
0

2 δπ

δ

n: physical states 
to which both can decay

HW: weak perturbation
n:    intermediate 

virtual states

⇒ complex numbers, to be evaluated by the theory of weak int.
⇒ Assuming CPT invariance, they reduce to 2 real and 2 complex

diagonal: real,
P0 mass and lifetime

*
1221

*
1221

221102211

;yhermiticit

;

Γ=Γ=⇒

=Γ=Γ==⇒

MM

mMMCPT γ
off-diagonal: complex,
represent mixing 
(off- and on-shell states)
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General formalism, including CPT violation: see i.e. Kirkby & Nir, PDG



Diagonalization: eigenvalues

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=′⇒⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

−Γ−

Γ−−
=

2

1

0
2

2
0

0
*

12
*
12

12120

0
0

22

22
µ

µ
µ

µ

γ

γ
H

q
p

imiM

iMim
H

Diagonal form, basis:
“mass eigenstates”

In the “flavour eigenstates” basis:

⎟
⎠
⎞

⎜
⎝
⎛ Γ−⎟

⎠
⎞

⎜
⎝
⎛ Γ−±−=±=⇒

⇒=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−
−

*
12

*
121212002,1

0
2

2
0

222

0det

iMiMimpq

q
p

γµµ

µµ
µµSecular equation, 

giving the eigenvalues
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Mass and width differences (H = “heavy”, L = “light” ):

LHLH mmm Γ−Γ=∆Γ−=∆ ( )∗Γℜ=∆Γ∆

Γ−=∆Γ−∆

1212

2
12

2
12

22

e4

441

Mm

Mmpqim 2
2

=∆Γ−∆=∆µ



Diagonalization: “mass” eigenstates
“mass eigenstates” (PL, PH ) ≈ CP eigenstates (P1, P2 ):
expressed in terms of “flavour eigenstates” (P0, P0 )

( )

( ) 1~
~1

1

~~
~1

1

22
212

000

212

000

=++
+

=−=

+
−

=+
+

=+=

pqPPPqPpP

qp
qpPPPqPpP

H

L

ε
ε

εε
ε

(complex !)

000
2
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1

2
1

2
1

2
1

2
1

PPP

PPP

−=

+=

CP eigenstates (P1, P2 ):

2
1

2
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22
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22

22

12121212

*
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δδ
δ
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=−=
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∆
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PPqp

iMiM
iM

p
q

HL
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0~ == δεCP symmetry ⇒ “mass” = “CP” eigenstates, 



Time evolution

(assuming CPT as a good symmetry, for simplicity)…
Time evolution of the “physical” mass eigenstates:

( ) ( )
( ) ( )0

0
0220

0220

0

0

H
mititmt

H

L
mititmt

L

PeeetP

PeeetP
H

L

∆−−Γ−

∆+−Γ−

=

=

If at t = 0 the state is not a mass eigenstate but some 
superposition of them (for instance: a flavour state P0 ), 
then the time evolution is simply the corresponding appropriate 
combination
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Dimensionless parameters

Taking Ñ = c =1, these quantities can be expressed 
using the same units (for example, MeV or s-1):

LHLH
H

H
L

L
HL mmm −≡∆Γ−Γ≡∆Γ≡Γ≡Γ

Γ+Γ
≡Γ ,,1,1,

2 ττ

The following dimensionless parameters often appear 
in time evolution equations:

Γ
∆Γ

≡

Γ
∆

≡

2
y

mx related to oscillations “frequency”

related to oscillations “damping”
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B mesons: time evolution 
and CP-violating observables



q, p, ∆m and ∆Γ for Bd and Bs

12MIn the SM 
for B mesons:

dominated by the top quark

12Γ few common on-shell states
11212 <<Γ M

( )
( )sbB

dbB

s

d

=

=
0

0 ( )
( )sbB

dbB

s

d

=

=
0

0

( )
12

12

121212

1212
12 2

2e22
M
M

iM
im

p
qm

M
MMm −≈

Γ−
∆Γ−∆

−=∆<<
Γℜ

≈∆Γ≈∆⇒
∗
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CP-violating parameter:
( )

( )
3

2
12

2
121222 10m2 −

∗

≈
Γ+∆

Γℑ
==−=

m
MPPqp LHδ



Time evolution of neutral B mesons - 1
(assuming CPT as a good symmetry, for simplicity)…
Time evolution of mass eigenstates:

( ) ( )
( ) ( )0

0
0220

0220

H
mititMt

H

L
mititMt

L

BeeetB

BeeetB
BBB

BBB

∆−−Γ−

∆+−Γ−

=

=

Time evolution of initially (t=0) pure flavour eigenstates:
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q
ptB

Bth
p
qBthtB

phys

phys

+−

−+

+=

+=
( ) ( )
( ) ( )[ ]2sin

2cos
2

2

B
itMt

B
itMt

mteeith

mteeth
BB

BB

∆=

∆=
−Γ−

−

−Γ−
+

July 10,  2006 L.Lanceri - CP Violation and Flavour - 1+2 48



Time evolution of neutral B mesons - 2

( ) ( )[ ] ( ) ( ) ( )txmttamteth mixB
t B Γ=∆=⇒∆±= Γ−

± coscoscos1
2
12

Flavour oscillations: for initially pure                 ,
probability for finding                at time t, assuming 

( )00 =tB
( )00 BB 1=pq
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Time-integrated ratio and time-integrated oscillation probability:
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Observable by looking at self-flavour tagging semileptonic or hadronic
decays! For example:
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ssss
00

00

00



Time evolution of neutral B mesons - 3
(assuming CPT as a good symmetry, for simplicity)…
Time-dependent decay rate for :fBphys →0
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“decay”

“oscillation, then decay”

“interference”
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Time evolution of neutral B mesons - 4

Combining similar expressions for: 
observable CP-violating asymmetries can  be derived

fBfBfB physphysphys →→→ 000 ,,

Important special case:
neutral pseudoscalar mesons produced coherently in pairs, 
from the decay of a vector resonance:                   , 
and subsequent decays to final states           at times 
for instance:

00PPV →

( ) 00004 KKBBS →→Υ φ
21 , ff 21 , tt

The corresponding time-dependence of decay rates and asymmetries
have similar forms, with : 12 ttt −≡∆

For a complete discussion including CPT: see e.g.: Kirkby & Nir, PDG
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Classification of CP-violating effects
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Classification of CP-violating effects

1≠ff AA

CPV in decay: ( ) ( )
( ) ( ) 1

1
2

2

,
+

−
=

→Γ+→Γ
→Γ−→Γ

≡Α
+−

+−

± ++−−

++−−

ff

ff

fCP
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fPfP
fPfP

CPV in mixing:

1≠pq
( ) ( ) ( )

( ) ( )
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00

00

1
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pq

pq

XlPdtdXlPdtd
XlPdtdXlPdtd

t
physphys

physphys
SL

+

−
=

=
→Γ+→Γ

→Γ−→Γ
≡Α −+

−+

CPV in the interference decay-mixing (“mixing-induced”):
( )

f

f
f

f

A
A

p
q

≡

≠ℑ

λ

λ 0m

( ) ( ) ( )
( ) ( )CPphysCPphys

CPphysCPphys
f fPdtdfPdtd

fPdtdfPdtd
t

CP →Γ+→Γ

→Γ−→Γ
≡Α 00

00

For example: decays to CP eigenstates CPf
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Observables: “direct” CP asymmetry - 1

i f i fCP

A1 = |A1|

A2 = |A2| eiδ eiφ

A1 = |A1|

A2 = |A2| eiδ e−iφ

δ → δ (CP-conserving)
φ → −φ (CP-violating)

Time-integrated “direct” CP asymmetry requires two amplitudes and δ≠0:

δ

δ − φ

δ + φ
A = A1+ A2 A = A1+ A2 ≠ A
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Observables: “direct” CP asymmetry - 2

Time-integrated “direct” CP asymmetry (“CP violation in decay”):

( ) ( )
( ) ( ) φδ

φδ

coscos2

sinsin2

21
2

2
2

1

21

AAAA

AA
fifi
fifiACP

++
=

→Γ+→Γ
→Γ−→Γ

≡

- the only possibile CPV effect for charged mesons decays !
- requires at least two amplitudes and δ≠0
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Time-dependent CP asymmetry - 1

pq

( )( ) ( )( )CPphysCPphys ftBftB →Γ≠→Γ⇒ 00

B0 fCP CP

Af

Af

B0 fCP

B0 B0

Af

Af
qp

Flavor-tagged time-dependent decay rates are different! 
they are governed by the “CP parameter”:

Interference between mixing and decay to a CP eigenstate
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Time-dependent CP asymmetry - 2

−Γ∆
±

Γ
∆ = ± ∆ ∆ ∆ ∆m, ( ) [1 sin cos ]

4 CP CP

t
CP f d f df t e S m t C m t

Decay distributions f+(f-) when tag = B0(B0), pair-produced at Υ(4S)
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“Theoretical interpretation”: 
CKM



The CKM paradigm in the SM
(1973) M.Kobayashi and T.Maskawa
• CP violation ⇒ third generation of quarks

Cabibbo-Kobayashi-Maskawa matrix V
• couples quark charged currents to W±

• mixes the left-handed (qj=d,s,b) quark  
mass eigenstates to give weak 
eigenstates; 

• unitary, with 4 independent parameters 
(e.g., 3 angles and 1 phase)

• complex elements: phase changes sign
under CP

• interfering amplitudes can give 
observable CP-violating rate 
asymmetries 

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
=

tbtstd

cbcscd

ubusud

VVV
VVV
VVV

V

+W
ijgV

tcuqi ,,=

bsdqj ,,=

+W

ub

−W

b u

ubV ∗
ubV

CP
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CKM matrix and Unitarity Triangle

u

d s b

“improved” Wolfenstein parameterization:

c
t
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The Unitarity Triangles

u

c

t

d     s     b

d•s* = 0

s•b* = 0

d•b* = 0

(K system)

(Bs system)

(Bd system)
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These three triangles (and the three 
triangles corresponding to the rows) all 
have the same area.  A nonzero area is 
a measure of CP violation and is an 
invariant of the CKM matrix.

apply unitarity constraint to 
pairs of columns



The “normalized” Unitarity Triangle

(1,0)
γ

α

β

(ρ,η)

(0,0)

*
cb

td

V
V

λ*

*

cb

ub

V
V
λ

≈u

c

t

d     s     b

apply unitarity constraint to 
these two columns

γβπαβγ −−=−≈≈ ∗
tdub VV argarg

1,

01 *

*

*

*

≈≈=

=++

tbudcd

cbcd

tbtd

cbcd

ubud

VVV
VV
VV

VV
VV

λ

Orders of magnitude for 
Wolfenstein parameters:

4.0,8.0,22.0 22 ≈+≈≈ ηρλ A
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CKM and Unitarity Angles: CPV roadmap

B meson mixing 
and decays 
probe 5 of the 9 
elements of the 
CKM matrix

CP violating 
asymmetries 
directly access 
the CKM phase 
through the 
Unitarity Angles
α(φ2), β(φ1), γ(φ3)
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CKMfitter Group
hep-ph/0406184

b → dγ



CPV in the B sector: CKM angles
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b

d

d

b

B0 mixing

β2iepq −≈

B0 decay: tree

udubVVA ∗∝ 3λ∝

tbtdVVA ∗∝

B0 decay: penguin

3λ∝

βi
tdtd eVV −=

γi
ubub eVV −=



P = K0, D0, B0
d, B0

s

Peculiarities of pseudoscalar mesons

in terms of

and of the expectations for CP  effects

Γ
∆Γ

=
Γ

∆
=∆Γ∆

2
,,, ymxm



K0, D0, B0
d, B0

s: ∆m and ∆Γ
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Time units (ps) for all quantities…! 
Exercise: check against the latest PDG and HFAG values
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[from a seminar by G.Hamel de Monchenault]



K0 systemmixing CPV

996.0
95.0

−≅
≅

K

K

y
x

CPV is small…

( ) 3
2 103

1
Re2 −×≅
+

=
K

K
K

ε
εδBoth of order unity!

Only Ko
L is left after 

≈ one oscillation
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ASL



Bd system
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In the simplest case, 
time-dependent 
CP asymmetry:

( ) ( ) ( )tmta
CPCP f

CP
f ∆= sinIm λ

Time-integrated (incoherent!):
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f x
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To a very 
good approx., 
equal decay 
widths and no 
CPV in mixing
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Bs system
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( )
( )CLy

CLx

s

s

%9546.02
%9521

<
>

xs is very large
ys small, perhaps not negligible

Mixing probability close to 50%

( ) 4988.0
12 2

22

>
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=
s

ss
s x

yxχ
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10.0,15 == ss yx

CPV

2.0Im
2.0,8

=
−==

λ
ss yx

Time-dependent CP-asymmetry: 
sinusoidal function, modulated by 
a function f(t); 100% at the max.!

( ) ( ) ( ) )(sinIm tftmta
CPCP f

CP
f ∆= λ

Demo plots with unrealistic values!



The D System
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Present experimental limits will be 
summarized in the lecture on D 
mesons 



Lecture 1 - Summary
• CPV tests probe fundamental symmetry properties of 

nature, with links to cosmology

• CPV seen in K and B mesons!

• Neutral pseudoscalar mesons (P= K, B, D) in particular 
offer a very rich and subtle phenomenology for stringent 
tests of theoretical predictions

• We will discuss in more detail (in the given order):
– B mesons, K mesons, D mesons
– “CPV without strangeness”: Electric Dipole Moments
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Discovery potential in B mesons 
• B mesons: specially suited for stringent experimental 

tests of a detailed pattern of theoretical expectations
– “direct” CP violation in charged B decays

• from the interference of different decay amplitudes 
• CP asymmetries can be large (O(10%))

– CP violation in mixing: should be small
– CP violation in the interference of neutral B decays with and 

without mixing
• Several “clean” time-dependent CP asymmetries 
• The three Unitarity Angles: α(φ2), β(φ1), γ(φ3), can be 

determined by observables related to Vtd and Vub

• The validity of the CKM model can be tested 
overconstraining the Unitarity Triangle

– Bs mixing still to be determined (important for |Vts|)!
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Back-up slides



SI and natural units
• Preferred units in particle physics: “natural units”, 

just one unit for all physical quantities…

[ ] [ ] [ ] [ ]

seV
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SI and natural units
• SI units can be recovered in final results, by inserting 

appropriate powers of Ñ and c via dimensional 
analysis and using:

• Examples:
ω resonance:   width and lifetime

π meson:   mass and Compton wavelength
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