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The CKM Matrix and the CP violation in the SM The CKM Matrix and the CP violation in the SM 

 Origin of the Cabibbo-Kobayashi-Maskawa Matrix (CKM) 
 Overview of the measurements of the CKM elements
 CP violation in the Standard Model
 Overview of the measurements
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Barionic asymmetry of the UniverseBarionic asymmetry of the Universe

 = 6.14(19)·10-10
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PP and  and CC Symmetries and the Fundamental Interactions  Symmetries and the Fundamental Interactions 
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CP Symmetry,CP Symmetry, particles and antiparticles particles and antiparticles
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Weak Interactions and Symmetry ViolationsWeak Interactions and Symmetry Violations
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The weak  interactions violates the Parity The weak  interactions violates the Parity 
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Kaons CP violationKaons CP violation
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Observation of the CP violation of the Kaons Observation of the CP violation of the Kaons 
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                  Complex coupling constant  - CP violationComplex coupling constant  - CP violation
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KM mechanism for the CP violationKM mechanism for the CP violation
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CP violation historyCP violation history
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CPCP Violation Violation

CP violation is observed only in the weak interactions. Mainly (but not only) in the decay of the K, 
B, Bs and D (2019!) neutral mesons.
There are three manners of  CP  violation 
Violation in the wave function (violation in the mixing).
It happens when the wave functions of H

free
 are not eigenstates of CP. It was observed only in the 

neutral kaons. The effect is small but important. Experiment  of Christenson et al. The state with 
short lifetime is not exactly K0

1 
(eigenstate of CP with eigenvalue +1), but it  containes a small 

component of  K0
2 
(eigenstate of CP with eigenvalue  -1) and viceversa.

Violation in decays (direct CP violation).
 M is a meson and f is a final state of an its possible decay.  M is its antimeson and  f  the coniugate 
state of  f. If CP  is conserved the two decay amplitude are equal:  A(M → f ) = A(M → f ) 
The equality is true also for the absolute values, namely for the decay probability and for the 
phases.  
The phase is observable from the interference between different amplitudes which contribute to the 
matrix element.  In principle this violation can appear in the decays of both charged and neutral 
mesons. Up to now it was seen in the following systems:  K0, D0, B0

s, B0 e
 
B±

  
. 

Violation in the interference between mixing and decay 
Interference between a decay without mixing, M0 → f , and a decay with mixing, M0 → M0 → f 
This effect happens only in the decays into common final states to M0 and M0 , including all the  CP 
 eigenstates. Up to now observed only in the B0 system.
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CPCP Violation Violation
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Direct Direct CPCP Violation: decays Violation: decays
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CPCP Violation of the B mesons Violation of the B mesons
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CP Violation CP Violation isis a quantum phenomenon a quantum phenomenon



Experimental Subnuclear Physics 17

How can the CP asymmetries rise ?How can the CP asymmetries rise ?
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How can the CP asymmetries rise ?How can the CP asymmetries rise ?
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How can the CP asymmetries rise ?How can the CP asymmetries rise ?
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Direct Direct CPCP Violation: decays Violation: decays
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BB00  →→KK- - + + ::  CPCP direct violation direct violation

B0  →  K  - 
π

 + 
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BB00 from  B from  B0 0 mesons separationmesons separation
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AK -+  ≡ 
B0

K -


+
  −  B0

K+


-


 B0
K -


+
    B0

K+


-


BaBar Collaboration

nK     = 5410±90

AK -


+  = −0.107±0.016−0.004
0.006

Full data set
467 ± 5 millions of BB pairs

BB00  →→KK- - + + ::  CPCP direct violation direct violation
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Full data set
772 millions of BB pairs

Belle Collaboration
nK     = 7525±127
A

K -


+  = −0.069±0.014±0.007

Belle Collaboration

Non- perturbative QCD uncertainties large
Standard Model CP Violation not precisely 
predictable

→insufficient to prove or rule out contribution
   from New Physics 
 

BB00  →→KK- - + + ::  CPCP direct violation direct violation
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Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem

 Now we discuss two phenomena of the B0 system.
 B oscillations and CP violation in the interference between decays with and without oscillation
(between mixing and decay) 
 Both phenomena discovered  in the  “beauty factories”, the first by the experiment ARGUS (DESY 
DORIS II), the second by the experiments BELLE and BABAR.
 

V  = 
V ud V us V ub

V cd V cs V cb

V td V ts V tb


   =  
1 0 0
0 c23 s23

0 −s23 c23


c13 0 s13 e
−i 13

0 1 0

−s13e
i 13 0 c13


c12 −s12 0

s12 c12 0

0 0 1

  = 
c12 s13 s12c13 s13e

−i 13

−s12c23−c12 s23 s13e
i13 c12 c23−s12 s23 s13e

i 13 s23c13

s12 s23−c12c23 s13e
i 13 −c12 s23−s12 c23 s13e

i13 c23c13


 5 terms with phase factors 
 4 real terms
 phase factor always multiplied by    

s
13  
→ the smallest angle → effects 

of CP violation small 
 in 3 elements at least another sin 

multiplies the phase factor  → 
terms almost real

 with good  approximation only 
V

td
 and V

ub
 are complex
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 Measurement of the  phase of V
td
 defined as:

 

 The precise definition of  is:

where all factors are real or almost real except  V
td 

 The neutral B system behaves similarly as the neutral  K system. 

 But two important differences:  
The lifetime of the two Bs are equal within the uncertainties: 1.530 ± 0.009 ps.                   
Reasons: both Q values of the decays are large. 
Indicating the two eigenstates as  B

H
 and B

L
 depending on their masses. 

Mass difference:
 
Width:     

V td  ≡ ∣V td∣e
i

  ≡ arg −V cd V cb
*

V td V tb
* 

| BL > = p| B0>  q  | B0 >

| BH >  = p |B0>  −q  | B0 >

 mB  = mH−mL   >  0

ΓB  = ΓB H
 =  ΓB L

 ≃  0.43  meV

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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 Suppression of the channels common to the decays of B0 and B0  due to the smallness of 
the mixing elements.  Consequence                      →   CP violation in the mixing is small 
(first manner of CP violation)

Probability amplitude for the transition between B0 and B0 at the lowest level given by the 
following box diagrams:  

also the diagrams  with u and c quarks replacing one or two t quarks should be taken into 
account. But the contribution of the internal lines is proportional to the squared quark 
masses. Contributions of u and c quarks are negligible.
From the box diagrams one can calculate the mass difference, in particular:  

| p/q |  ≈  1

WW

W

Wt

t

t t

b b

B0 B0- -

-

B0 B0

b b--

-

-
d

d d

d-

V
tb

V
tb

V
tb

V
tb

V
td V

td

V
td

V
td

∣V td∣
2
∣V tb∣

2
∝ mB
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 From the expressions: 
                         

putting: 

the time evolution of the eigenstates L and H is: 

           

with t being the proper time.

| BL > = p| B0>  q  | B0 >

| BH >  = p |B0>  −q  | B0 >

m  ≡ 
mHmL 

     2

| BL t >  = e
−
 B

 2
t

e−imt e
i

 mB

 2
t

| BL 0>

| BH  t >  = e
−
 B

 2
t

e−imt e
−i

 m B

 2
t

| BH 0>
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 Supposing to start at the time  t = 0 with a beam of pure B0 and with another one of pure B0.
 Labeling them as            and as            : 
                         

where: 

 0 t   0 t 

 0 t   = h+t B
0   

q
p

h -t  B
0

 0 t   = 
p
q

h- t B0   h+ t  B0

h+t   = e
−
 B

 2
t

e−imt cos  m Bt

  2 
h - t   = i e

−
 B

 2
t

e−imt sin  m B t

  2 

_
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 If at the time t = 0 one has a pure beam of B0, the  probability to find a B0 at the general time  t is:
 

and the probability to find a B0 at the general time t is:

in the approximation 
 Similar expression starting from a pure beam of  B0 

|< B0 |Ψ0(t )>|
2
 = |h+(t )|

2  = e−ΓB t cos2(
ΔmB

 2
t ) = 

1
2

e−ΓB t
(1+cosΔmB t )

_

|< B̄0 |Ψ0( t )>|
2
 = |h-( t )|

2  = |p
q |

2

e−ΓB t sin2(
Δ mB

 2
t)

                      =  e−ΓB t sin 2(
ΔmB

 2
t )  = 1

2
e−ΓB t

(1−cosΔmB t )

| p/q |  =  1
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The difference between the probability to observe decays with opposite flavour and equal flavor , 
normalized to their sum, the so called  flavour asymmetry, is:

This quantity determines  Δm
B

 

|h+( t )|
2
−|h− (t )|

2

|h+( t )|
2
+|h− ( t )|

2  = 
P OF−P SF

P OF+P SF

 = 
|< B0 |Ψ0(t )>|

2
−|< B̄0 |Ψ0(t )>|

2

|< B0 |Ψ0(t )>|
2
+|< B̄0 |Ψ0( t )>|

2 = cos(Δ mB t )
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 To measure the phase of p/q it is necessary to have a second phase of reference (only phase 
differences have a physical meaning).
One  considers the CP eigenstate f  of eigenvalue 

f
  in which both  B0 and  B0 can decay. With A

f
 one 

indicates the amplitude for B0 → f and with  A
f  
the decay for B0 → f

 If A
f 
≠ A

f  
 CP is violated.

 If  |A
f 
|≠ |A

f
| CP is violated and is seen as a difference in the two decay rates.

 We discuss now the case in which | A
f 
| = | A

f 
| but the  CP violation comes from a phase difference  

between the two amplitudes.
 The observable is (that is the relative phase between the complex numbers p/q and A

f 
/A

f 
 ): 

 f  ≡  f

p

q

A f

A f

                   ∣ f∣ = 1

_
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 The amplitudes for the decay into the final state  f are: 
 

< f | 0t >  = A f h+ t    
q
p
A f h- t 

                  = A f e−imt e

− B

 2
t

cos  mB

  2
t    

q
p
A f i e−imt e

− B

 2
t

sin  mB

  2
t 

                  = 
A f

 f

e−imt e
−B

 2
t

[ f cos  m B

  2
t    i sin  mB

  2
t ]

< f | 0t >  = 
p
q

A f h - t    A f h+ t 

                  = 
p
q

A f e−imt e
− B

 2
t

i sin mB

  2
t    A f e−imt e

− B

 2
t

cos  mB

  2
t 

                  = A f e−imt e
− B

 2
t

[i  f sin  mB

  2
t    cos  mB

  2
t ]
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 The observable violating CP is the ratio between the difference and the sum of the two probabilties. 
 Remembering  that:
  
 

 
 and then: 

∣A f∣ = ∣A f∣

∣ f∣ = 1

∣< f | 0t >∣
2
  ∣< f | 0 t >∣

2
 = 2∣A f∣

2
e
−B t

∣< f | 0t >∣
2
 − ∣< f | 0t >∣

2
 = 2∣A f∣

2
e
− B t

 f Im  f sin  mB t 

a fCP  = 
∣< f | 0t >∣

2  − ∣< f | 0 t >∣
2

∣< f | 0t >∣
2   ∣< f | 0 t >∣

2
 =   f Im f sin  mB t 

There is  CP violation if  Im(
f
 ) ≠  0 

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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 Measurement of Δm
B
  and of  a

fCP

 The beauty factories work at the resonance Y(41S
3
), only 20 MeV above the threshold m

B0
 + m

B0
  

 The B mesons move slowly in the center of mass energy reference system, it is not possible to solve 

the secondary vertices in this reference system. 

 asymmetric beauty factories: 

 PEP2  p(e-) = 9 GeV and p(e+) = 3.1 GeV → < > = 0.56

 KEK   p(e-) = 8 GeV and p(e+) = 3.5 GeV → < > = 0.425

 Mean distance between production vertex and decay vertex:  Δz ≈ 200 m

 Measured by silicon vertex detectors with reconstruction accuracy of the vertex: 80-120 m. 

 About one and half  flight length in a mean lifetime. 

 The proper time of the preceding formula is the distance measured in the laboratory divided by         

c < >

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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 In an  e+e-  annihilation  a B0 and  a B0   are produced, but one doesn't know which is one or the other.
 The time evolution of the two mesons is described by a single wave function.  The phase difference 
between the two particles doesn't change with the time.   
 However one of the two B can be identified as particle or antiparticle when it decays in a 
semileptonic mode:  

 So reconstructing the sign of the lepton or reconstructing the D meson one can identify (tagging)
 the neutral B as B0 or B0.

 One estimates the time of this decay respect to the time of production measuring the distance 
between the production and decay vertices and the velocity of the particle from the momenta of its 
sons.  
 The t = 0 is the decay time of the tagging 
 If the tagged B is a  B0, its partner is a B0 with wave function evolving as 

0
(t) and viceversa.

 Its evolution is 
0
(t) even if t < 0.

B0  = b̄ d       b̄→ c̄ l+
ν l            B0

→D- l+
ν l

B̄0  = b d̄       b→c l -
ν̄ l             B̄0

→D+ l -
ν̄ l

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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e- e+

B0

B0

t

-

+

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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 Beauty oscillation
 The flavours of both B can be identified from the final states of their decays.

 The times between the production of the BB pair and the time of each of the two decays are 
measured obtaining the time t between the two decays. 
 Because the time of one or of the other decay can be taken as  t = 0 indifferently, t is known only in 
absolute value. 

 factor of  merit

_

 neural net tags 

Oscillations in Hadronic BOscillations in Hadronic B0 0 decaysdecays
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= 0.3354 ± 0.0104 ± 0.0065 meV

    diluition factor

PRL 88 (2002) 221802

Oscillations in Hadronic BOscillations in Hadronic B0 0 decaysdecays

background

B0 B0 B0 B0,B0 B0 
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 From this measurement one can extract:  
 

∣V td∣∣V tb∣ = 7.4±0.8×10−3

Oscillations in Hadronic BOscillations in Hadronic B0 0 decaysdecays

Pay attention that the neutral B mesons are reconstructed in a sample of multihadron events in the 
flavor eigenstate decay modes: 

The D 0 candidates are reconstructed through the channels: 

The D- candidates are reconstructed through the channels:

 
  
 

D(*) -
π

+ ;D(*) -
ρ

+ ,D(* )- a1
+ , J / ψ K * 0

K +
π

- , K+
π

-
π

0 ,K +
π

+
π

-
π

- , K S
0
π

+
π

-

K+
π

-
π

- , K S
0
π

-
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 a
fCP

 asymmetry observed in more than one channel 
 We consider the final eigenstates of  CP: f = J/ +K

s
 and  f = J/ +K

L

 The final orbital angular momentum is  L =1 due to the angular momentum and parity conservation 
 Eigenstates of CP: 

J/ +KL
 = +1, 

J/ +Ks
 = -1 

 Br ~ 0.9×10-3, but the peak luminosity is  > 1034 cm-2 s-1 → production of 106 BB pairs/day → 
collected  5×108 eventi. 
 One tags the events as described before and selects  the events in which  the reconstructed  B (the 
second B) decays into an eigenstate of CP. 
 

+

B0

e+e-

e-
e+
-

+

K
s


0-

t

tagged

reconstructed

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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b

b

c
c

W

V
cb

V
cs

d
d

s

-
-

-

J/

K0 → K
1
→ K

s

B0-

t

t
W W

W

c

cd

B0-

-

-
b-

-
J/

d

K0 → K
1
→ K

s-

-
s

V
td

V
tb

V
tb

V
td

 The decay of the reconstructed state (
0
(t)) can happen directly  (a) or oscillates into a state B0 and 

then decays (b).  The two amplitudes do not interfere because the final states are different. 
 But if the K decays as a CP eigenstate, that is as  a K0

1
 (or K0

2
), the final states are equal and the two 

 amplitudes  interfere. (The  differences  because K0
1
 and K

S  
and between

 
 K0

2  
and K

L
 can be  

neglected).
 In the Feynman graphs the important elements of the mixing matrix are reported. They are all real
(also those not shown) except for V

td

 
V

td  
appears two times, then squared, in the amplitude. 

 V
tb
≈ 1 

 

(a) (b)

-

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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 Taking everything together: 
 

λ J / ψ +KS
 = η f

p
q

A J / ψ +K

Ā J / ψ +K

 = η f (
V td V tb

*

V td
* V tb

)(
V cb

* V cs

V cs
* V cb

V cs
* V cd

V cd
* V cs

)  = −e−2 i β

Im(λ J / ψ+K S
)  = 2 Im(V td)  = sin (2β )

Im(λ J / ψ+K L
)  = −sin (2β )

 Concluding  the two observables  a
CPJ/+KS

(t) e  a
CPJ/+KL

(t) are two sinusoidal function of the time 
with the same period, amplitude and opposite phases.    
 

a fCP  = 
∣< f | 0t >∣

2  − ∣< f | 0 t >∣
2

∣< f | 0t >∣
2   ∣< f | 0 t >∣

2
 =   f Im f sin  mB t   = − f sin 2  sin mB t 

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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BaBar Collaboration Belle Collaboration

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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 One talks of raw asymmetry because:

there is the presence of background (larger background in the case of K
L
 because such particle 

doesn't decay in the detector due to its long average life time. It is seen in the hadronic 

calorimeter as an hadronic shower.);

the experimental resolution in the time measurement is limited (1-1.5 ps);

presence of mis-tag, B0 classified and B0 and viceversa.

 These effects reduce  the oscillation amplitude.

 The mean value of the two experiments (corrected for all the aforementioned effects) is:

 

sin(2) = 0.677 ± 0.020 

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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 CKM matrix should be unitary for SM: V†V =1

 This gives 9 relationships between the individual elements:

 
 Unitarity tests:
 

 

|V ud|
2  +  |V us|

2  + |V ub|
2  = 0.9999±0.0006  (first row)

|V cd|
2  +  |V cs|

2  +  |V cb|
2  = 1.067±0.047  (second row)

|V ud|
2  +  |V cd|

2  +  |V td|
2  = 1.002±0.005  (first column)

|V us|
2  + |V cs|

2  +  |V ts|
2  = 1.065±0.046  (second column)

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem

∑
i=1,3

|V i , j|
2  =  1

∑
i=1,3

V jiV ki
*  =  ∑

i=1,3

V ijV ik
*  =  0    (j, k = 1, 2, 3; j≠k)
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The last relations, each of which is a sum of 3 complex numbers,  form a unitarity triangle (UT) in 
the complex plane. 
It can be shown that

irrispective of k,l,m,n and all six triangles have the same area: A = ½ J independent of any phase 
convention, J is known as the Jarlskog invariant.

 A particular interesting triangle is the triangle involving the B decays (coming from the product 
 of the first with the third column): 

This triangle contains the matrix elements: V
ub

 and V
tb 

which are really complex numbers.

Vud V ub
*
V cd V cb

*
V td V tb

*  = 0

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem

|ℑ(V km
* V lmV knV ln

*
)| =  |ℑ(V mk

* V mlV nkV nl
*
)| =  J



Experimental Subnuclear Physics 55

 One knows  |V
cd

|, |V
cb

|, |V
ud

| and |V
ub

| and |V
td
||V

tb
| (from the Δm

B 
measurement). One knows the 

lengths of the three sides. 
 One can neglect the imaginary part of  V

cd
V*

cb
 and writes: V

cd
V*

cb
 = |V

cd
||V

cb
|.

 One can divide the three sides by this quantity

0 0.5 1.0

0.5

Re

Im



 

V
td V*

tb /|V
cd V

cb |

V ud
V*

ub
/|V

cd
V cb

|

(,)

1  =   ≡ arg [−V cd V cb
*
/V td V tb

* ]
2  =   ≡ arg [−V td V tb

*
/V ud V ub

* ]
3  =   ≡ arg [−V ud Vub

*
/V cd V cb

* ]

 measured through B0 → J/ K0s 
 measured through B0 →+-; +-

 measured through B-→D K-

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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 Knowing the length of the three sides one can verify if the triangle is closed.  
 A further constraint can from sin2 which fixes   within a fourfold ambiguity: , +, /2 - 
 There are other constraints given by other measurements.    

Oscillation and Oscillation and CPCP Violation in the B Violation in the B0 0 systemsystem
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