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What is flavor?

2

• Flavor: indicates the different types of Standard Model 
(SM) fermions, both quarks and leptons.

2

2

Patrick Owen - HCPSS2021

What is flavour physics?

• Flavour denotes the different types of fermions.


• Electron has different flavour to muon.

4

• Flavour physics: Study different types of fermions and 
how they interact.

• Try to answer questions such as:


• How often does a beauty quark transition into an up quark?


• Does a charm meson behave similarly to its anti-particle?


• Are the charged leptons (electron, muon,tauon) simply heavier copies of each other?


• What are the mass eigenstates of the neutrinos?

up type quarks

down type quarks

charged leptons

neutrinos
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Standard Model Vertices

3

• Interaction of gauge bosons with fermions described by SM vertices 
• Properties of the gauge bosons and nature of the interaction between the bosons 

and fermions determine the properties of the interaction

STRONG EM

Never changes  
flavor 

µ+

γ

µ+

Only quarks All charged 
fermions 

Charged WEAK

Always changes  
flavor 

d

W

u

All fermions 

q q

g

Never changes  
flavor 

Neutral WEAK

q q

Z

All fermions 

Never changes  
flavor 

Strong

Interaction

Electromagnetism Weak

Interactions

e−

W

νe
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Flavor Change

4

Leptons: no generation crossing

e−

W

g

νe

d

W

g’

u s

W

g’’

u

Quarks: generation crossing

seen
not seen

e– 

𝝂e

µ– 

𝝂µ

𝝉– 

𝝂𝝉
W± "charged current"

Only the weak interaction allows flavor change

suppressed

seen
up 

down

charm 

strange

top/truth 

bottom/beauty
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Why do we study flavor physics?

5

• Obtain deeper understanding of the fundamental flavor structure of the nature.

• Charge Parity (CP) violation and its 

connection to the matter dominated Universe. 

(Matter-antimater asymmetry of universe requires 

CP-violating interactions (Sakharov 1967))

• Discover effects of new particles and forces beyond the Standard Model – 

even particles too massive to be produced at the high energy colliders.
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What is CP?
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10 Nov 2006 4

! Parity, P

! Parity reflects a system through the origin.  Converts
right-handed coordinate systems to left-handed ones.

! Vectors change sign but axial vectors remain unchanged

! x ! "x  , L ! L

! Charge Conjugation, C

! Charge conjugation turns a particle into its anti-particle

! e # ! e " $% K " ! K #% $% &%! &

C and P Symmetries and Fundamental Interactions

e
" e

#

P C

e
"

s
!

s
!

s
!

p
!

p"
!

p"
!

•  Parity, P

• (r → -r , p →-p , L →L ) → → → → → →

•  Charge Conjugation, C

•  e- → e+ , K+ → K-

•   CP is the product of the C and P operators. 

•   CP transformation converts a particle into its anti-particle.
P and C are individually violated maximally in the weak interactions,   

but combined CP is a good symmetry for most weak processes! 

Yang and Lee, C.S. Wu (1957): interpretation and discovery of parity violation. 

Weak interac6ons violate P and C  

P C

Allowed Allowed Not Allowed 

=spin direction 

= momentum 

   direction 
matter anti-matter
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CP Symmetry, Particles - Antiparticles
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4 

CP Symmetry, particles and anti-particles 

!  CP symmetry transforms a particle in its anti-particle 

!  CP is violated IF particles and anti-particles behave differently!  

CP 

mit physics annual 2006   sciolla  (  45

In 1967, the Russian physicist Andrei Sakharov proposed a solution to this 
puzzle.1 Sakharov’s explanation required the violation of what was considered a 
fundamental symmetry of nature: the cp symmetry. 

Jt!Obuvsf!DQ!Tznnfusjd@!
CP is a discrete symmetry of nature given by the product of two components: 
charge conjugation (C) and parity (P). Charge conjugation transforms a particle 
into the corresponding anti-particle, e.g., if we apply C 
to an electron, we will obtain a positron. In other words, 
charge conjugation maps matter into anti-matter. Parity 
is the transformation that inverts the space coordinates. 
If we apply P to an electron moving with a velocity  
from left to right, the electron will flip direction and end 
up moving with a velocity - , from right to left. Parity 
produces the mirror image of reality. 

Therefore, when we apply a CP transformation to an 
electron moving with a velocity  we will obtain a positron 
moving with a velocity - . This means that applying CP 
on matter gives us the mirror image of the corresponding 
anti-matter. Let’s imagine having a “CP-mirror,” a device 
that returns the mirror image of the anti-matter (Figure 1). 
Intuitively, we expect that our “anti-self” will wave back 
at us in the CP-mirror. That is, we expect CP to be a good 
symmetry of Nature. But is this actually the case? 

Both electromagnetic and strong interactions are 
symmetric under C and P, therefore they must also be 
symmetric under the product CP. This is not necessarily 
the case for the weak force, which violates both C and P 
symmetries, as demonstrated by Chien-Shiung Wu in 1957 
in the study of β decays of Cobalt-60.2 Until 1964, however, 
CP symmetry was naively assumed to hold in weak interactions as well. One reason 
for this assumption was the CPT theorem, which states that all quantum field 
theories must be symmetric under a combined transformation of C, P and T (time 
reversal). CP violation therefore implies violation of the time-reversal symmetry, 
which at the time was beyond imagination. 

The discovery of CP violation was therefore completely unexpected when, in 
1964, Val Fitch, Jim Cronin, and collaborators observed this phenomenon for the 
first time3 in the study of the decays of neutral kaons, particles formed by a strange 

figure 1
When we look at our image in a standard 
mirror, we are looking at a parity 
transformation of ourselves.  The figure above 
is an artist’s illustration of what we would see in 
a “CP-mirror”: will our anti-self wave back to us? 
Not necessarily, if CP is violated… 

“CP-mirror,” a device that returns the mirror 
image of the anti-matter. 

CP is violated IF particles and anti-particles 
behave differently!
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What is different about the weak interaction?
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Leptons: no generation crossing

e−

W

g

νe

d

W

g’

u s

W

g’’

u

Quarks: generation crossing

seen
not seen

W± "charged current"
e– 

𝝂e

µ– 

𝝂µ

𝝉– 

𝝂𝝉

Only the weak interaction allows flavor change


CP is violated in weak interactions

suppressed

seen
up 

down

charm 

strange

top/truth 

bottom/beauty
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What is different about the weak interaction?
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Leptons: no generation crossing

e−

W

g

νe

d

W

g’

u s

W

g’’

u

Quarks: generation crossing

seen
not seen

W± "charged current"
e– 

𝝂e

µ– 

𝝂µ

𝝉– 

𝝂𝝉

Only the weak interaction allows flavor change


CP is violated in weak interactions

suppressed

seen
up 

down

charm 

strange

top/truth 

bottom/beauty

the pattern was not initially understood
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Quark Mixing
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The solution was suggested by Cabibbo in 1963, perfected by Glashow, Illiopoulos, and Maiani 
(GIM) in 1970, and a an explanation for CP violation is proposed by Kobayashi and Maskawa 
(KM) in 1973:

where d', s' , and b' are linear combinations of the physical quarks d, s, and b 
⎩

⎬⎭

November 19, 1999 CP Violation in B Meson Decays 21

Quark Mixing
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Mixing

Both Cabibbo (2x2) and KM (3x3) mixing are described by
unitary transformations.  In general

dd
!!

M=' 1MM =where

VCKM 
Cabibbo Kobayashi Maskawa


(CKM) Matrix

e.g.
g g

Universal weak coupling g must be multiplied by element of 
CKM matrix Vij.

g g

Instead of the weak force 
couples the pairs
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Quark Mixing

11

Explicit parameterization (Wolfenstein)

irreducibly 
complex ⇒ CP Violation!

Kobayashi and Maskawa proposed the explanation for CP violation in 
weak interactions prior to discovery of bottom and top quarks.

17

CKM and CP viola-on

CP operator 
⇒ complex conjuga4on of amplitudes 

With 3 genera4ons, CKM elements 
Vij can be complex

A universe with 2 (or 1) genera-ons 
could not have CP viola-on this way!

Highly predic-ve (= good theory!)
• Can make many independent measurements of Vij from different systems
• Test if these are self-consistent

Can be different!

Next job: measure the magnitudes and phases of these complex parameters Vij

Flavour Physics Lecture 2            21 July 2022          Mark Williams
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(Kobayashi-Maskawa 1973)
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Quark Mixing

12

Explicit parameterization (Wolfenstein)

irreducibly 
complex ⇒ CP Violation!

17

CKM and CP viola-on

CP operator 
⇒ complex conjuga4on of amplitudes 

With 3 genera4ons, CKM elements 
Vij can be complex

A universe with 2 (or 1) genera-ons 
could not have CP viola-on this way!

Highly predic-ve (= good theory!)
• Can make many independent measurements of Vij from different systems
• Test if these are self-consistent

Can be different!

Next job: measure the magnitudes and phases of these complex parameters Vij

Flavour Physics Lecture 2            21 July 2022          Mark Williams
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2008

CP-violation measured in B-decays: 2002
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The CKM Matrix and “Unitarity Triangle(s)”

13

•   The 9 unitarity conditions of the 3×3 generations CKM matrix:

(VCKM)† VCKM = 1• Unitarity condition: 

|Vud|2 + |Vus|2 + |Vub|2 = 1

|Vcd|2 + |Vcs|2 + |Vcb|2 = 1

 |Vtd|2 + |Vts|2 + |Vtb|2 = 1
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The CKM Matrix and “Unitarity Triangle(s)”

14

multiply 

∗

•   The 9 unitarity conditions of the 3×3 generations CKM matrix:

(VCKM)† VCKM = 1• Unitarity condition: 

|Vud|2 + |Vus|2 + |Vub|2 = 1

|Vcd|2 + |Vcs|2 + |Vcb|2 = 1

 |Vtd|2 + |Vts|2 + |Vtb|2 = 1

•   The 6 complex “Unitarity Triangles” involve different physics processes
Im

ds
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The CKM Matrix and “Unitarity Triangle(s)”
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multiply 

∗

•   The 9 unitarity conditions of the 3×3 generations CKM matrix:

(VCKM)† VCKM = 1• Unitarity condition: 

|Vud|2 + |Vus|2 + |Vub|2 = 1

|Vcd|2 + |Vcs|2 + |Vcb|2 = 1

 |Vtd|2 + |Vts|2 + |Vtb|2 = 1

•   The 6 complex “Unitarity Triangles” involve different physics processes
Im

ds

b d
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The CKM Matrix and “Unitarity Triangle(s)”
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multiply 

∗

•   The 9 unitarity conditions of the 3×3 generations CKM matrix:

•   The 6 complex “Unitarity Triangles” involve different physics processes

(VCKM)† VCKM = 1• Unitarity condition: 

|Vud|2 + |Vus|2 + |Vub|2 = 1

|Vcd|2 + |Vcs|2 + |Vcb|2 = 1

 |Vtd|2 + |Vts|2 + |Vtb|2 = 1

Im

ds

b d

b s
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The CKM Matrix and “Unitarity Triangle(s)”
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Im

ds

b d

b s

height measures the amount of CP violation  

•   The 9 unitarity conditions of the 3×3 generations CKM matrix:

•   The 6 complex “Unitarity Triangles” involve different physics processes

(VCKM)† VCKM = 1• Unitarity condition: 

|Vud|2 + |Vus|2 + |Vub|2 = 1

|Vcd|2 + |Vcs|2 + |Vcb|2 = 1

 |Vtd|2 + |Vts|2 + |Vtb|2 = 1
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One Way to Produce B’s
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The ϒ(4S) - a clean source of B meson pairs


Equal amounts of matter and anti-matter

Use e+e- annihilations at Upsilon (4S) [ϒ(4S)] particle which decays to B mesons

mB0 ~ mB- ~ 5.28 GeVmϒ(4S) ~ 10.58 GeV
40

Thomas Schietinger 3 December 2003Role of the b quark in particle physics 21

B mesons

bd ububbd

B0 B0 B+B–

bs cbcbbs

Bs
0 Bs

0 Bc
+Bc

–

40

Thomas Schietinger 3 December 2003Role of the b quark in particle physics 21

B mesons

bd ububbd

B0 B0 B+B–

bs cbcbbs

Bs
0 Bs

0 Bc
+Bc

–

Thomas Schietinger 3 December 2003Role of the b quark in particle physics 35

Asymmetric B factories

! "(4S) is the first bottomonium resonance
that can decay to B mesons.

! ~50% B0B0 , ~50% B±B#mesons (no Bs or Bc!)
! The B0B0 system is entangled! 
$ Always one B0 and one B0!

Why asymmetric?

symmetric:
asymmetric:

B0

B0
B0

B0

$ Boost gives better time resolution
    and a reference “t0”!

~3
0 µ

m

~200 µm

e+e– %&"(4S) %&B0B0 or B±B#

bb

ϒ(4S)

or
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B Factory - Super KEKB and BELLE II detector

19

The ϒ(4S) - a clean source of B meson pairs


Equal amounts of matter and anti-matter

Use e+e- annihilations at Upsilon (4S) [ϒ(4S)] particle which decays to B mesons

mB0 ~ mB- ~ 5.28 GeVmϒ(4S) ~ 10.58 GeV

bb

ϒ(4S)

bdbd

B0 B0

ubub

B+B–

Next generation B factory, BELLE II detector at Super KEKB 
will be covered by Dr. Seema Choudhury

B-Factory experiments [Belle at KEK(Japan), BaBar at SLAC (Stanford)] (1999-2009) 

•  CP asymmetry observed in diverse processes in B decay 

  -> many measurements, (over)constrain CKM, confirm unitarity
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Measurement of CP Violation in B0 → J/ѱ Ks0

20

Belle collected

7.7 x 108 B events


for this plot

PRL 108, 171802 (2012)
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• Top plot shows the decay time distribution for B0 and 

anti-B0. Matter and anti-matter are essentially different.

• If CP were conserved in nature, the bottom distribution 

would be completely flat.

c c
b d

ds
→
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CP Violation and the Standard Model

21

• However, the Standard Model sources of CP violation 
cannot explain the matter dominance of the universe.


• We have to search for new sources of CP violation              

⇒ New physics beyond the Standard Model. 

 21

Digression: Are there antimatter 
dominated regions of the Universe?

● Possible signals:

– Photons produced by matter-antimatter annihilation 
at domain boundaries – not seen

● Nearby anti-galaxies ruled out

– Cosmic rays from anti-stars

● Best prospect: Anti-4He nuclei

● Searches ongoing ...

Tim Gershon
Flavour & CPV
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22

Rich Belle II Physics 
Program

THANK YOU!
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Extra
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Asymmetric Universe of Matter

24

To generate this initial asymmetry three 

conditions must be met (Sakharov, 1967):


•Baryon number violation


•Charge and Charge Parity violation


•Departure from thermal equilibrium; in 

thermal equilibrium any baryon number 

violating process will be balanced by the 

inverse reaction

A. Sakharov
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Symmetries in Physics
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26

Symmetries in physics

Physical systems can exhibit both continuous and discrete symmetries

Laws of physics invariant under:

Spatial translations
Time translations

Rotations

Emmy Noether
(1882-1935)

Conservation of:

Momentum
Energy
Angular momentum

Noether’s theorem

For every continuous symmetry there exists a corresponding 
conservation law

What about discrete symmetries?
⇒ It turns out that these are very important in particle physics!

Flavour Physics Lecture 1            20 July 2022          Mark Williams

• For every continuous symmetry there exists a corresponding 

conservation law. 
Noether’s Theorem

Laws of physics invariant under Conservation of

Spatial Translations Momentum

Time Translations Energy

Rotations Angular Momentum

There are two main types of symmetries in physics: continuous and discrete.

• Discrete symmetries are very important in particle physics!
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incoming state outgoing state 

P

T 

Unlike translations and rotations, discrete symmetry transformations 

cannot be written in terms of a continuous parameter. Such 

transformations must be performed in a single “jump.”  

C 

motion reversal 

charge conjugation 

parity 

• Charge Conjugation, C

• C changes the sign of all the “internal” quantum numbers. 


•
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incoming state outgoing state 

P

T 

Unlike translations and rotations, discrete symmetry transformations 

cannot be written in terms of a continuous parameter. Such 

transformations must be performed in a single “jump.”  

C 

motion reversal 

charge conjugation 

parity 

• Time reversal, T 

• T reverse any motion in system.
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incoming state outgoing state 

P

T 

Unlike translations and rotations, discrete symmetry transformations 

cannot be written in terms of a continuous parameter. Such 

transformations must be performed in a single “jump.”  

C 

motion reversal 

charge conjugation 

parity 

• Parity, P 

• Parity reflects a system through the origin.


•
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P and C are individually violated maximally in the weak interactions,   

but combined CP is a good symmetry for most weak processes! 

Yang and Lee, C.S. Wu (1957): interpretation and discovery of parity violation. 

Weak interac6ons violate P and C  

P C

Allowed Allowed Not Allowed 

=spin direction 

= momentum 

   direction 
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Kobayashi and Maskawa proposed a daring explanation for CP 
violation in weak interactions.

(Kobayashi-Maskawa 1973)

2008

• Need at least 3 Generation of Quarks (then not known). 

• Get a CP-violating phase eiδ , if one assumes three families.

W+

g Vij*

qi (+2/3) qj (-1/3)

November 19, 1999 CP Violation in B Meson Decays 24

Quark Mixing

This approximation (                ) reflects the theoretical
prejudice (and experimental reality) that the elements get
smaller as one moves off the diagonal.

A more popular choice is the Wolfenstein parameterization:
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Cabibbo Kobayashi Maskawa
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Quark Mixing
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Mixing

Both Cabibbo (2x2) and KM (3x3) mixing are described by
unitary transformations.  In general

dd
!!

M=' 1MM =where
relative magnitudes

|Vij| =
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November 19, 1999 CP Violation in B Meson Decays 37

Quantum Weirdness

0B

0=t

0B

1t−l

Tags this particle
as a

This particle must
have decayed as a

2t Ψ/J

SK00BB

Tagging side CP eigenstate side

If              then the particle on the CP eigenstate must be a       .
Note that the tagging information is communicated across space
instantaneously despite the fact that the B’s could be separated
by a finite distance (a few hundred microns).   This is an
instance of the EPR paradox.

21 tt = 0B
If t1 =t2 , then the particle on the CP eigenstate must be a B0. Note that the tagging 
information is communicated across space instantaneously despite the fact that the B’s 
could be separated by a finite distance (a few hundred microns). This is an example of 
quantum entanglement (the EPR paradox). 
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ϒ(4S)

BCP

Btag

Δz

Δz ≅ cβγτ B ~130µm
10.58 GeV/c2

β𝛾~0.284

e− e+

Flavor tag

CP eigenstate

cβγ
= Δt

Δz

e− : 7.0 GeV, e+ : 4.0 GeV 

SuperKEKB - Belle II


