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Flavour Physics and CP Violation

Why three generations of particles? Why is an atom electric neutral?Why is there no antimatter?
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Introducing the lecturers
Lecturer:
• Marcel Merk

Research (theoretical):
- Why a matter-vs-antimatter asymmetry in nature?
- Why do we have three generations of particles?

Tutors:
• Silvia Ferreres
• Miriam Lucio Martinez

Research (experimental):
- Detector technology at the  Large Hadron Collider.
- Measurements of CP violation rare decays



The Antimatter Mystery

Nicola Neri CP violation in baryon decays - CERN 2016

CPV in b-hadrons 
‣ Same underlying short distance physics for b-baryons 

and B mesons but with different spin and QCD structure
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‣ Systematic study of CPV in b-baryons and in B mesons 
for a stringent test of CKM mechanism
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Alla ricerca di asimmetrie!
materia-antimateria!

a LHCb!
Introduction Physics Motivations 

Physics Motivation 

•  At LHC b-baryons are produced in unprecedented quantities ! opens 
a new !eld in "avour physics for precision measurements 
•  Mass, lifetimes and branching ratios measurements 
•  CP violation (CPV) 

•  CP violation (CPV) in b-baryons: 
•  CKM mechanism predicts sizeable  

 amount of CPV in b-baryons that  
 can be precisely measured 

•  Complementary means to test 
Standard Model with respect to 
B mesons 
 
 
 
 
 

•  Same underlying short distance physics as B mesons, with 
di#erent spin and QCD structure 

•  New CPV sources 
Andrea Merli – Search for CPV in b-baryons     |    29/11/2016     2 



Flavour Physics and CP Violation

Distinct Decay Pattern of the Quarks in the SM
in the Standard Model there are

no direct transitions
within up-type or down-type quarks

→ GIM mechanism
→ (Glashow, Iliopoulos, Maiani)

no flavor changing neutral currents
(FCNCs) at tree level

transitions among the generations
are mediated by theW± bosons
and their relative strength is

parametrized by the
Cabibbo-Kobayashi-Maskawa

(CKM) matrix

VCKM =





Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 11 / 40

Antimatter world

CP:
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“Day and Night”, Escher, 1938



Flavour Physics and CP Violation

Contents per Week:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Mixing
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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Don’t be afraid to ask questions…



Flavour Physics and CP Violation

Contents per Week:
1. CP Violation

a) Discrete Symmetries
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Symmetry and non-Observables
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 types of symmetry:
• Permutation symmetry: 

Bose-Einstein and Fermi-Dirac Statistics
• Continuous space-time symmetries: 

translation, rotation, velocity, acceleration,…
• Discrete symmetries: 

space inversion, time reversal, charge conjugation,…
• Unitary symmetries: gauge invariances: 

U1(charge), SU2(isospin), SU3(color),…

Þ If a quantity is fundamentally non-observable it is related to an exact symmetry
Þ If it could in principle be observed by an improved measurement; the symmetry is said to be broken

Noether Theorem: symmetry conservation law

3



Symmetry and non-observables
Non-observables Symmetry Transformations Conservation Laws or Selection Rule

Difference between identical particles Permutation B.-E. or F.-D. statistics

Absolute spatial position Space translation:  𝑟 → 𝑟 + Δ momentum

Absolute time Time translation:  𝑡 → 𝑡 + τ energy

Absolute spatial direction Rotation: 𝑟 → 𝑟′ angular momentum

Absolute velocity Lorentz transformation generators of the Lorentz group

Absolute right (or left) 𝑟 → −𝑟 parity

Absolute sign of electric charge 𝑒 → −𝑒 charge conjugation

Relative phase between states of 
different charge Q

𝜓 → 𝑒!"#𝜓 charge

Relative phase between states of 
different baryon number B

𝜓 → 𝑒!"$𝜓 baryon number

Relative phase between states of 
different lepton number L

𝜓 → 𝑒!"%𝜓 lepton number

Difference between different coherent 
mixture of p and n states

𝑝
𝑛 → 𝑈

𝑝
𝑛

isospin

4



C, P, T Symmetries

• Parity, P: unobservable: (absolute handedness)
• Reflects a system through the origin.  

Converts right-handed to left-handed.
• 𝒙 → −𝒙 , 𝒑 → −𝒑 (vectors) but  𝑳 = 𝒙 × 𝒑 (axial vectors)

• Charge Conjugation, C: unobservable: (absolute charge)
• Turns internal charges to opposite sign.
• 𝒆! → 𝒆" , 𝑲" → 𝑲!

• Time Reversal, T: unobservable: (direction of time)
• Changes direction of motion of particles
• 𝒕 → −𝒕

• CPT Theorem:
• All interactions are invariant under combined C, P and T operation
• A particle is an antiparticle travelling backward in time
• Implies e.g. particle and anti-particle have equal masses and lifetimes

+ -
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Classical Mirror Worlds 
• Parity: 𝑥⃗ → −𝑥⃗
- Mass 𝑚 𝑃 𝑚 = 𝑚 : scalar
- Force 𝐹⃗ (𝐹⃗ = 𝑑𝑝⃗/𝑑𝑡) 𝑃 𝐹⃗ = 𝑃 ⁄𝑑𝑝⃗ 𝑑𝑡 = − ⁄𝑑𝑝⃗ 𝑑𝑡 = −𝐹⃗ : vector
- Acceleration 𝑎⃗ (𝑎⃗ = ⁄𝑑!𝑥⃗ 𝑑𝑡!) 𝑃 𝑎⃗ = − ⁄𝑑!𝑥 𝑑𝑡! = −𝑎⃗ : vector
- Angular momentum 𝐿, 𝑆, 𝐽 (𝐿 = 𝑥⃗×𝑝⃗) 𝑃 𝐿 = −𝑥⃗ × −𝑝⃗ = 𝐿 : axial vector

• Parity: Newton’s law is invariant under P-operation (i.e. the same in the mirror world):

• Charge: Lorentz Force in the C-mirror world is invariant:

• Time: laws of physics are also invariant unchanged under T-reversal, since:

• QM: Consider Schrodinger’s equation (𝑡 → −𝑡) :

Complex conjugation is required to stay invariant:

𝐹⃗ = 𝑚 𝑎⃗
!

− 𝐹⃗ = −𝑚𝑎⃗ ⇔ 𝐹⃗ = 𝑚 𝑎

𝐹⃗ = 𝑞 𝐸 + 𝑣⃗×𝐵
"

𝐹⃗ = −𝑞 −𝐸 + 𝑣⃗×−𝐵

𝐹⃗ = 𝑚 𝑎⃗ = 𝑚 ##%⃗
#&#

'
𝐹⃗ = 𝑚 ##%⃗

# (& # ⇔ 𝐹⃗ = 𝑚 𝑎

𝑖ℎ
𝜕𝜓
𝜕𝑡

= −
𝛻)𝜓
2𝑚

𝜓
𝑇
𝜓∗

6à Invariant!



C-, P-, T- Symmetry

• Classical Theory is invariant under C, P, T operations; i.e. they conserve 
C, P, T symmetry
• Newton mechanics, Maxwell electrodynamics.

• Suppose we watch some physical event. Can we determine 
unambiguously whether: 
• We are watching the event where all charges are reversed or not?

• We are watching the event in a mirror or not?
• Macroscopic biological asymmetries are considered accidents of evolution rather than 

fundamental asymmetry in the laws of physics.

• We are watching the event in a film running backwards or not?
• The arrow of time is due to thermodynamics: i.e. the realization of a macroscopic final 

state is statistically more probable than the initial state

7
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• At each crossing: 50% - 50% choice to go left or right
• After many decisions: reverse the velocity of the final state and return
• Do we end up with the initial state?

Macroscopic time reversal (T.D. Lee) 8
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Macroscopic time reversal (T.D. Lee)

Very unlikely!

• At each crossing: 50% - 50% choice to go left or right
• After many decisions: reverse the velocity of the final state and return
• Do we end up with the initial state?

8



Macroscopic time reversal 9



C, P operations and Dirac theory (QED)

+1/2, -1/2 helicity 
solutions for the particle

+1/2, -1/2 helicity solutions
for the antiparticle

Antimatter!

• In Dirac theory particles are represented as spinors

• Implementation of P and C operators in Dirac theory:

• QED (Dirac theory) is symmetric under C, P  conjugation. Reversing electric charges 
keeps electrodynamics invariant. See lecture notes for more details.

( )

𝜓 =

𝜓,
𝜓)
𝜓-
𝜓.

𝑃 ∶ 𝜓 → 𝜓/ = 𝛾0𝜓(−𝑥⃗, 𝑡) 𝐶 ∶ 𝜓 → 𝜓/ = 𝑖𝛾)𝜓∗(𝑥⃗, 𝑡)

Elect. 𝜓 ∶ 𝛾1 𝑖𝜕1 + 𝑒𝐴1 −𝑚 𝜓 = 0
Posit. 𝜓′ ∶ 𝛾1 𝑖𝜕1 − 𝑒𝐴1 −𝑚 𝜓′ = 0

𝑖𝛾0𝜕0 − 𝑖𝛾2𝜕%$ −𝑚 𝜓 𝑥⃗, 𝑡 = 0
𝛾0 𝑖𝛾0𝜕0 + 𝑖𝛾2𝜕%$ −𝑚 𝜓′(−𝑥⃗, 𝑡) = 0)(
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( )

𝜓 =
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𝛾& =

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1

, 𝛾' =

0 0 0 1
0 0 1 0
0 −1 0 0
−1 0 0 0

, 𝛾( =

0 0 0 −𝑖
0 0 𝑖 0
0 𝑖 0 0
−𝑖 0 0 0

, 𝛾) =

0 0 1 0
0 0 0 −1
−1 0 0 0
0 1 0 0
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C, P operations and Dirac theory (QED)

• In Dirac equation:

• Implementation of P operator in Dirac: 𝑥⃗ → −𝑥⃗ ; 𝜕𝑥2 → −𝜕𝑥2

𝜓 → 𝜓/ = 𝑖𝛾)𝜓∗(𝑥⃗, 𝑡)

𝛾& =

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1

, 𝛾' =

0 0 0 1
0 0 1 0
0 −1 0 0
−1 0 0 0

, 𝛾( =

0 0 0 −𝑖
0 0 𝑖 0
0 𝑖 0 0
−𝑖 0 0 0

, 𝛾) =

0 0 1 0
0 0 0 −1
−1 0 0 0
0 1 0 0
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𝑖𝛾0𝜕0 + 𝑖𝛾2𝜕%$ −𝑚 𝜓 −𝑥⃗, 𝑡 = 0 Does not work!

Instead: 𝜓 → 𝜓/ = 𝛾0𝜓(−𝑥⃗, 𝑡) 𝑖𝛾0𝜕0 + 𝑖𝛾2𝜕%$ −𝑚 𝛾0𝜓 −𝑥⃗, 𝑡 = 0
𝛾0 𝑖𝛾0𝜕0 − 𝑖𝛾2𝜕%$ −𝑚 𝜓′(−𝑥⃗, 𝑡) = 0

𝑖𝛾0𝜕0 − 𝑖𝛾2𝜕%$ −𝑚 𝜓 𝑥⃗, 𝑡 = 0

• Implementation of C operator in Dirac:

𝑃 ∶ 𝜓 → 𝜓/ = 𝜓(−𝑥⃗, 𝑡)

𝐶 ∶ 𝑞 → −𝑞 ;

𝜓 ∶ 𝛾1 𝑖𝜕1 − 𝑞𝐴1 −𝑚 𝜓 = 0
𝜓/ ∶ 𝛾1 𝑖𝜕1 + 𝑞𝐴1 −𝑚

∗
𝜓/ = 0

𝜓/ ∶ 𝛾1∗ −𝑖𝜕1 + 𝑞𝐴1 −𝑚 𝑖𝛾)𝜓∗= 0
𝜓/ ∶ 𝑖𝛾) 𝛾1 𝑖𝜕1 + 𝑞𝐴1 −𝑚 𝜓∗ = 0

OK

OK



Parity Violation

“L”

driver
Gas pedal

“R”

Gas pedal driver

Before 1956 physicists were convinced that the laws of nature were left-right symmetric. 
Strange?

A “gedanken” experiment:  consider two perfectly mirror symmetric cars:

“L” and “R” are fully symmetric,
Each nut, bolt, molecule etc.
However the engine is a black box

Person “L” gets in, starts, ….. 60 km/h
Person “R” gets in, starts, ….. What happens?

What happens in case the ignition mechanism uses, say, Co60 b decay?
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C.N. YangT.D. Lee
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Discovery of Parity Violation
C.S. Wu

1.1 Parity transformation 5

ν
_

ν
_

Co60 Ni60

e

e

Co60 Ni60

A B

(S=5) (S=4) (S=5) (S=4)

Figure 1.2: The possible transitions of 60Co with spin 5 to 60Ni with spin 4. The open
arrows denote the spin. Closed arrows denote the momentum vector. (a) The transition
which is forbidden in nature. (b) The allowed transition. The antineutrino is always
righthanded.

was then to measure the rate of β-electrons from the decay:

60
27Co →60

28 Ni + e− + ν̄e

in a small counter placed at small angles with respect to the field lines. By inverting the
magnetic field direction and thus the polarisation of the cobalt nucleus, a difference in
counting rate could be detected, as shown in Fig. 1.1b. Several control counters were also
read out so that the degree of polarisation and the absolute counting rate of the source
could be callibrated. The rate asymmetry shown in Fig. 1.1b was convincing evidence for
the violation of P-symmetry or parity.

It could be explained by the following argument: The transition from 60Co(spin 5) to
60Ni(spin 4) as shown in Fig. 1.2a apparently does not occur, but the transition shown
in Fig. 1.2b does. As the electron was known from other experiments to appear in nature
in both helicity states (±1/2), the only remaining conclusion was that the anti-neutrino
occured only in one single helicity state, namely +1/2.

1.1.2 Parity violation

A more elegant experiment was performed a few weeks later by Lederman [4] which
allowed the observation of parity violation in charged pion decay. The experimental setup
is shown in Fig. 1.3a. Charged pions of 85 MeV are created in pp collisions and separated
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Symmetric?

Parity

B-field

Spin is pseudoscalar, P: 𝑆 → 𝑆

Is physics is parity 
invariant?

Only if electron decay 
rate is symmetric wrt
spin direction!

More electrons emitted opposite the 𝑺 direction

Not equal à Parity violation!
B

13

Preferred(*
+&𝐶𝑜 → (,

+&𝑁𝑖 + 𝑒- + A𝜈.
S:    5            4         ½       ½



• Wu’s experiment was shortly followed by another clever experiment by 
L. Lederman: Look at decay p+ à µ+ nµ
• Pion has spin 0, µ,nµ both have spin ½ 
à spin of decay products must be oppositely aligned 
à Helicity of muon is same as that of neutrino.

• Ledermans result: All neutrinos are left-handed and all anti-neutrinos 
are right-handed

So 𝑃 is violated, what’s next?

p+µ+ nµ
OK

OK

14



Charge conjugation symmetry?
• Introducing 𝐶-symmetry
• The 𝐶(harge) conjugation is the operation which exchanges particles and 

anti-particles (not just electric charge)
• It is a discrete symmetry, just like 𝑃, i.e. 𝐶2 = 1

• 𝐶 symmetry is broken by the weak interaction
• Just like 𝑃

p+µ+ nµ(LH)

p-µ- nµ(LH)

C

OK

OK

15



Weak Force breaks C and P, is CP really OK?

• Weak interaction breaks C and P
symmetry maximally!
• Nature is left-handed for matter and right-

handed for antimatter.

• Despite maximal violation of C and P, 
combined CP seems conserved.

• Is combined CP really exactly conserved?

W+
e+R

nL

W+
e+L

nR

W-
e-R

nL

W-

e-L

nR

P

C
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The Weak force and 𝐶𝑃 violation

• Combined C + P  º CP symmetry?
• CP symmetry is parity conjugation: 

(𝑥, 𝑦, 𝑧 → −𝑥,−𝑦,−𝑧) 
followed by charge conjugation:         
(𝜓 → 𝜓)

p+

µ+

nµ

p+

nµ

µ+

Intrinsic
spin

P C p-

µ-

nµCP

• CP symmetry appears to be preserved 
in the weak interaction

• But in 1964, Christenson, Cronin, Fitch 
and Turlay observed CP violation in 
decays of neutral kaons…

17



𝐾C → 𝜋D𝜋(

Effect is tiny:
about 2/1000

Discovery of CP-Violation with 𝐾" decays
• Create a pure 𝐾C beam (“wait” for 𝐾E to decay)
• If CP is conserved, should not see 𝐾C → 𝜋D𝜋(

q
Background: 𝐾" → 𝜋#𝜋$𝜋%

Signal: 𝐾" → 𝜋#𝜋$

James Cronin Val Fitch

cos q

𝐾&

15𝐾!: Short-lived is CP even: 
𝐾"# → 𝜋$𝜋% (fast)
𝐾&: Long-lived is CP odd: 
𝐾'# → 𝜋$𝜋%𝜋# (slow)

mass, θ

𝑀/! = 498 𝑀𝑒𝑉
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Alternative: Charge Asymmetry in 𝐾" decays

Thesis Vera Luth, CERN 1974

4�(�)

=

����
(1 + ")

(1 � ")

����
2

Measure 𝐴 = L&(L'

L&DL' with     𝑁
D = 𝐾0 → 𝜋(𝑒D𝜈

𝑁( = 𝐾0 → 𝜋D𝑒(𝜈̅
vs the 𝐾0 decay time  

⟩|𝐾% =
1
2

1

1 + 𝜀 (
1 + 𝜀 | ⟩𝐾& + 1 − 𝜀 | Q𝐾&

→ 𝜋-𝑒0𝜈
→ 𝜋0𝑒-𝜈

19

𝐾! 𝐾&

L&(L'

L&DL' = 𝐴

CP violation in 
meson mixing.

time



30

Contact with Aliens !
Are they made of matter or anti-matter?

Compare the charge of the most abundantly produced electron with 
that of the electrons in your body:
If opposite: matter If equal: anti-matter

Compare 𝐾&# → 𝜋$𝑒%𝜈̅ to    𝐾&# → 𝜋%𝑒$𝜈

20



CPT Violation…

CPT symmetry implies that an antiparticle is identical to 
a particle travelling backwards in time. 

21



CPT is conserved, but does anti-matter fall down? 22



Flavour Physics and CP Violation

Contents per Week:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Mixing
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality

Check the mirror

Objects in the rear view mirror 

Objects in the rear view mirror 

Objects in the rear view mirror 
may appear closer than they are

may appear closer than they are

may appear closer than they are

Check the mirror

Objects in the rear view mirror 

Objects in the rear view mirror 

Objects in the rear view mirror 
may appear closer than they are

may appear closer than they are

may appear closer than they are
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a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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Weak interaction in three Flavour Generations

𝓛* = +
,
𝑢′- 𝛾.𝑊. 𝑑′- x3 !

𝑢′

𝑑′

𝑊/ 𝑐′

𝑠′

𝑊/

• Weak Interaction is 100% parity violating.
• Wolfgang Pauli: “I cannot believe God is a weak left-hander.”

• Implement an SU(2)L symmetry for massless particles:

• Flavour universality: identical interactions in three generations.
• In fact: how to distinguish a massless 𝑑/quark from 𝑠/quark? 

• There is no CP violation in these massless interactions
• What happens when particles acquire mass?

Wolfgang Pauli

𝑡′

𝑏′

𝑊/

24



Spontaneous Symmetry Breakingà Origin of Mass

𝒗

Robert Brout Francois Englert Peter Higgs

𝜙D

𝜙0
→

0
𝑣/ 2

• Yukawa couplings to massless particles:

𝓛S = 𝑌2T# P𝑢2/, P𝑑2/ C
U&
U( 𝑑TV/ + 𝑌2TW P𝑢2/, P𝑑2/ C

U(
U' 𝑢TV/

• SSB:   B-E-H Mechanism: 

è Massive W- and
Z- bosons

•  Yukawa interaction is not flavour universal!
àUnknown origin of Yukawa matrix  acting 

on generations “i” and “j”

25



Spontaneous Symmetry Breakingà Origin of Mass

𝒗

Francois Englert

• Yukawa couplings to massless particles (Weinberg):

• SSB:   B-E-H Mechanism: 

𝓛S = 𝑌2T# P𝑢2/, P𝑑2/ C
0

X/ ) 𝑑TV/ + 𝑌2TW P𝑢2/, P𝑑2/ C
X/ )
0 𝑢TV/

•  Yukawa interaction is not flavour universal!
àUnknown origin of Yukawa matrix  acting 

on generations “i” and “j”

𝜙D

𝜙0
→

0
𝑣/ 2

è Massive W- and
Z- bosons

èMassive 
fermions

26
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• Top quark mass:

Spontaneous Symmetry Breakingà Origin of Mass

𝑣

𝑢2 = 𝑉W 2T 𝑢T/ 𝑑2 = 𝑉# 2T 𝑑T
/

𝓛S → 𝓛Z = 𝑚# 𝑑C 𝑑V + 𝑚W 𝑢C 𝑢V

𝑀,- = 𝑌,- 𝑣/ 2

𝑚./0 = 1.0 𝑣/ 2

• Diagonalize 𝑌,- : 

• To first order Higgs couples only to top with 
coupling strength 1.0 !
• Very flavour non-universal

and

𝓛S = 𝑌2T# P𝑢2/, P𝑑2/ C
0

X/ ) 𝑑TV/ + 𝑌2TW P𝑢2/, P𝑑2/ C
X/ )
0 𝑢TV/

• Yukawa couplings to massless particles:

à mass and flavour eigenstates

• Mass terms:
Physical particles

𝒗

27



Flavour Puzzle: particle masses? Origin Yukawa couplings?
• Weak interaction flavour universal
• Higgs interaction almost purely 3rd generation

e

d

µ t

u

s

c

b

t
top-Yukawa = 1.0 ?!

𝑚. = 0.5 𝑀𝑒𝑉 𝑚1 = 0.5 𝑀𝑒𝑉 𝑚2 = 1.8 𝐺𝑒𝑉

𝑚3 = 2.2 𝑀𝑒𝑉 𝑚4 = 1.3 𝐺𝑒𝑉

𝑚5 = 4.7 𝑀𝑒𝑉

𝑚6 = 173 𝐺𝑒𝑉

𝑚7 = 96 𝑀𝑒𝑉 𝑚8 = 4.2 𝐺𝑒𝑉

28



The Weak Interaction à Flavour Mixing

𝓛* = +
,
𝑢′- 𝛾.𝑊. 𝑑′-

𝑢0

𝑑0

𝑊/ 𝑊/𝑐0 𝑊/

𝑠0 𝑏0

𝑡0

• No CP violation

Redefine: 𝑢,1 = 𝑉2 ,- 𝑢, and:  𝑑,1 = 𝑉3 ,-
4 𝑑, , such that:  𝑉567 = 𝑉2𝑉34 ,- …

29



The Weak Interaction à Flavour Mixing

𝓛* = +
,
𝑢′- 𝛾.𝑊. 𝑑′-

𝑢

𝑑

𝑊/

𝑑

𝑊/

𝑊/

𝓛* = +
,
𝑉123 𝑢- 𝛾.𝑊. 𝑑-

𝑢 𝑊/

𝑊/ 𝑊/

𝑊/𝑡

𝑑

𝑊/

𝑠

𝑡

𝑠

𝑊/

𝑏

𝑐

𝑡

𝑏

𝑢
𝑏

𝑐 𝑐

𝑉Wb𝑉W#

𝑉c#

𝑉&# 𝑉&b

𝑉cb

𝑉Wd

𝑉cd

𝑉&d

𝑠

Generation structure of weak interaction, now includes CP violation.

(Interaction basis) (Mass basis)

Redefine: 𝑢,1 = 𝑉2 ,- 𝑢, and:  𝑑,1 = 𝑉3 ,-
4 𝑑, , such that:  𝑉567 = 𝑉2𝑉34 ,- …
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The Weak Interaction à Flavour Mixing

Convention: instead, we do as if:  𝑢,1 = 𝑢, and  𝑑,1 = 𝑉567 ,- 𝑑-

𝑢

𝑑0

𝑊/ 𝑊/𝑐 𝑊/

𝑠0 𝑏0

𝑡

31

𝓛* = +
,
𝑢′- 𝛾.𝑊. 𝑑′- 𝓛* = +

,
𝑉123 𝑢- 𝛾.𝑊. 𝑑-

(Interaction basis) (Mass basis)

Generation structure of weak interaction, now includes CP violation.
Redefine: 𝑢,1 = 𝑉2 ,- 𝑢, and:  𝑑,1 = 𝑉3 ,-

4 𝑑, , such that:  𝑉567 = 𝑉2𝑉34 ,- …

| ⟩𝑑′ = 𝑉() ⟩|𝑑 + 𝑉(* ⟩|𝑠 + 𝑉(+ ⟩|𝑏

| ⟩𝑠′ = 𝑉,) ⟩|𝑑 + 𝑉,* ⟩|𝑠 + 𝑉,+ ⟩|𝑏

| ⟩𝑏′ = 𝑉-) ⟩|𝑑 + 𝑉-* ⟩|𝑠 + 𝑉-+ ⟩|𝑏



How about leptons?

𝓛* = +
,
𝜈=e
0 𝛾.𝑊. 𝑒′-

𝜈=′

𝑒′

𝑊/ 𝑊/𝜈.′ 𝑊/

𝜇′ 𝜏′

𝜈>’

• No CP violation

Redefine: 𝜈,′ = 𝑈8 ,- 𝜈, and:  𝑙,1 = 𝑈9 ,-
4 𝑙, , such that:  𝑈7:; = 𝑈8𝑈94 ,- …

32



How about leptons?

𝓛* = +
,
𝜈′- 𝛾.𝑊. 𝑒′-

𝜈=

𝑒

𝑊/

𝑒

𝑊/

𝑊/

𝓛* = +
,
𝑈3?@ 𝜈- 𝛾.𝑊. 𝑒-

𝜈= 𝑊/

𝑊/ 𝑊/

𝑊/𝜈>

𝑒

𝑊/

𝜇

𝜈>

𝜇

𝑊/

𝜏

𝜈.

𝜈>

𝜏

𝜈=
𝜏

𝜈. 𝜈.

𝑈1,𝑈f,

𝑈f)

𝑈f- 𝑈1-

𝑈1)

𝑉g,

𝑈g)

𝑈g-

𝜇

(Interaction basis) (Mass basis)

Redefine: 𝜈,1 = 𝑈 ,- 𝜈, and:  𝑙,1 = 𝑈3 ,-
4 𝑙, , such that:  𝑈7:; = 𝑈2𝑈34 ,- …

33

Generation structure of weak interaction, now includes CP violation.



How about leptons?

𝜈A

𝑒

𝑊/ 𝑊/𝜈, 𝑊/

𝜇 𝜏

𝜈B

34

Convention: instead we do as if:  𝜈<,=,> = 𝑈7:; ,- 𝜈?,@,A and  𝑙,′ = 𝑙,

𝓛* = +
,
𝜈′- 𝛾.𝑊. 𝑒′- 𝓛* = +

,
𝑈3?@ 𝜈- 𝛾.𝑊. 𝑒-

(Interaction basis) (Mass basis)

Redefine: 𝜈,1 = 𝑈 ,- 𝜈, and:  𝑙,1 = 𝑈3 ,-
4 𝑙, , such that:  𝑈7:; = 𝑈2𝑈34 ,- …

Generation structure of weak interaction, now includes CP violation.

For neutrinos we label the mass eigenstates as: 1, 2, 3 instead of 𝑒, 𝜇, 𝜏

| ⟩𝜈" = 𝑈." ⟩|𝜈. + 𝑈/" G|𝜈/ + 𝑈0" ⟩|𝜈0
| ⟩𝜈' = 𝑈.' ⟩|𝜈. + 𝑈/' G|𝜈/ + 𝑈0' ⟩|𝜈0

| ⟩𝜈1 = 𝑈.1 ⟩|𝜈. + 𝑈/1 G|𝜈/ + 𝑈01 ⟩|𝜈 0



Food for thought: which states mix?

• Quarks: 9
:! = 9

;"# : < ;"$ = <;"% >
;  We say “the down-type quarks mix”.

• Leptons: ?&
@ = A'& ?'< A(& ?( < A)& ?)

@ ; We say “the neutrinos mix.”

• Why the “down-types” in one case and the “up-types” in another?

• Answer: it is convention! Both mix individually (in an unknown way).
• The interaction is always: 𝓛h = i

)
𝑉"jk 𝑢C 𝛾1𝑊1 𝑑C

• i.e up and down-type combined! 

• Paradox question: does this mean neutrino mixing is unphysical??
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Flavour Changing Quark Interactions
The Quark Flavors of the Standard Model
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Flavour Changing Quark Interactions
The Quark Flavors of the Standard Model
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Flavour Changing Quark Interactions
The Quark Flavors of the Standard Model
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Flavour Changing Quark Interactions
The Quark Flavors of the Standard Model
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Flavour Changing Quark Interactions – CP ViolationThe Quark Flavors of the Standard Model
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Complex coupling 
constants are the 
source of CP viol.

• Particles and antiparticles have complex 
conjugated coupling constants

Flavour changing currents
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𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

The CKM matrix 𝑉567 - 3 Generations
𝑑 𝑠 𝑏

𝑢

𝑐

𝑡

• Wolfenstein parametrization: 𝑉"jk =

𝑉123:

Lincoln Wolfenstein

𝟏 − C𝟏 𝟐𝝀
𝟐 𝝀 𝑨𝝀𝟑 𝝆 − 𝒊𝜼

−𝝀 𝟏 − C𝟏 𝟐𝝀
𝟐 𝑨𝝀𝟐

𝑨𝝀𝟑 𝟏 − 𝝆 − 𝒊𝜼 −𝑨𝝀𝟐 𝟏

è 1 complex degree of freedom
è CP violating phase

41

• It follows from unitarity: 
𝑉"jk
l 𝑉"jk = 1



The CKM matrix and unitarity triangle 47

• The CKM is a mixing matrix, ie. a complex rotation in 3x3 flavour space
• This implies that the matrix is unitary: 𝑉"jk

l 𝑉"jk = 1
𝑉()∗ 𝑉,)∗ 𝑉-)∗

𝑉(*∗ 𝑉,*∗ 𝑉-*∗
𝑉(+∗ 𝑉,+∗ 𝑉-+∗

𝑉() 𝑉(* 𝑉(+
𝑉,) 𝑉,* 𝑉,+
𝑉-) 𝑉-* 𝑉-+

=
1 0 0
0 1 0
0 0 1

• There are 9 orthonormality equations
• Example:  𝑉Wd∗ 𝑉W# + 𝑉cd∗ 𝑉c# + 𝑉&d∗ 𝑉&# = 0

• Wolfenstein parametrization:

𝑉)*+ =

1 −
1
2 𝜆

! 𝜆 𝐴𝜆, 𝜌 − 𝑖 𝜂

−𝜆 1 −
1
2
𝜆! 𝐴𝜆!

𝐴𝜆, 1 − 𝜌 − 𝑖𝜂 −𝐴𝜆! 1

Triangle in the complex plane:

𝑉(+∗ 𝑉()
𝑉-+∗ 𝑉-)

𝑉,+∗ 𝑉,)

≈ 𝐴𝜆) 𝜌 + 𝑖𝜂
≈ 𝐴𝜆) 1 − 𝜌 − 𝑖𝜂

≈ 𝐴𝜆( ⋅ −𝜆



The CKM matrix and unitarity triangle 48

• The CKM is a mixing matrix, ie. a complex rotation in 3x3 flavour space
• This implies that the matrix is unitary: 𝑉"jk

l 𝑉"jk = 1
𝑉()∗ 𝑉,)∗ 𝑉-)∗

𝑉(*∗ 𝑉,*∗ 𝑉-*∗
𝑉(+∗ 𝑉,+∗ 𝑉-+∗

𝑉() 𝑉(* 𝑉(+
𝑉,) 𝑉,* 𝑉,+
𝑉-) 𝑉-* 𝑉-+

=
1 0 0
0 1 0
0 0 1

• There are 9 orthonormality equations
• Example:  𝑉Wd∗ 𝑉W# + 𝑉cd∗ 𝑉c# + 𝑉&d∗ 𝑉&# = 0

Renormalize horizontal scale to 1

(0,0) (1,0)

(𝜌, 𝜂)

𝑉,+∗ 𝑉,)
𝑉,+∗ 𝑉,)

≡ 1

𝑉-+∗ 𝑉-)
𝑉,+∗ 𝑉,)

≈ − 1 − 𝜌 − 𝑖𝜂

𝑉(+∗ 𝑉()
𝑉,+∗ 𝑉,)

≈ − 𝜌 + 𝑖𝜂

Triangle in the complex plane:

• Wolfenstein parametrization:

𝑉)*+ =

1 −
1
2 𝜆

! 𝜆 𝐴𝜆, 𝜌 − 𝑖 𝜂

−𝜆 1 −
1
2
𝜆! 𝐴𝜆!

𝐴𝜆, 1 − 𝜌 − 𝑖𝜂 −𝐴𝜆! 1



The CKM matrix and unitarity triangle 49

(0,0) (1,0)

(𝜌, 𝜂)

• Wolfenstein parametrization:

𝑉)*+ =

1 −
1
2 𝜆

! 𝜆 𝐴𝜆, 𝜌 − 𝑖 𝜂

−𝜆 1 −
1
2
𝜆! 𝐴𝜆!

𝐴𝜆, 1 − 𝜌 − 𝑖𝜂 −𝐴𝜆! 1

• CKM in terms of phases:

𝑉"jk =
𝑉W# 𝑉Wb 𝑉Wd 𝑒(2s
− 𝑉c# 𝑉cb 𝑉cd
𝑉&# 𝑒(2t − 𝑉&b 𝑒2t) 𝑉&d

𝛾 𝛽

𝛼
𝛼 = 𝜋 − 𝛽 − 𝛾

𝑉"jk
l 𝑉"jk = 1

Triangle in the complex plane:

• There are 9 orthonormality equations
• 9 complex numbers: 9 real + 9 imaginary
• 5 unobservable relative quark phases: 𝜓-. → 𝑒/!𝜓-
• 18 – 9 – 5  = 4 degrees of freedom

• There are 4 degrees of freedom:
• 3 real (Euler angles) and one phase
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Triangle in the complex plane:

• Wolfenstein parametrization:
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𝑉"jk =
𝑉W# 𝑉Wb 𝑉Wd 𝑒(2s
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• CP Violation:
Ø Non-zero unitary phases
Ø Triangle surface ≠ 0

v Jarlskog invariant “J”

𝑉"jk
l 𝑉"jk = 1



𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

The CKM matrix 𝑉567 - 3 Generations
𝑑 𝑠 𝑏

𝑢

𝑐

𝑡

• Wolfenstein parametrization: 𝑉"jk =

𝑉123:

Lincoln Wolfenstein

𝟏 − C𝟏 𝟐𝝀
𝟐 𝝀 𝑨𝝀𝟑 𝝆 − 𝒊𝜼

−𝝀 𝟏 − C𝟏 𝟐𝝀
𝟐 𝑨𝝀𝟐

𝑨𝝀𝟑 𝟏 − 𝝆 − 𝒊𝜼 −𝑨𝝀𝟐 𝟏

è 1 CP violating phase
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The CKM matrix 𝑉567 - 3 vs 2 Generations

𝑉!" 𝑉!#
𝑉%" 𝑉%#

𝑑 𝑠

𝑢

𝑐

𝑉"jk =

𝑉123:

𝟏 − C𝟏 𝟐𝝀
𝟐 𝝀

−𝝀 𝟏 − C𝟏 𝟐𝝀
𝟐

è No CP violation

𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

𝑑 𝑠 𝑏

𝑢

𝑐

𝑡

• Wolfenstein parametrization: 𝑉"jk =

𝑉123:

𝟏 − C𝟏 𝟐𝝀
𝟐 𝝀 𝑨𝝀𝟑 𝝆 − 𝒊𝜼

−𝝀 𝟏 − C𝟏 𝟐𝝀
𝟐 𝑨𝝀𝟐

𝑨𝝀𝟑 𝟏 − 𝝆 − 𝒊𝜼 −𝑨𝝀𝟐 𝟏

è 1 CP violating phase

• 3  generations is the minimal particle content to generate CP violation (In Standard Model).

42

1 free variable =
8 (4 complex)

– 4 orthonormality
– 3 quark phases



3 Generations of particles – How do we know?
LEP: The heavy Z boson decays into 3 light neutrino types.

• No additional weakly interacting light fermion generations.

LEP @ CERN:
1989-2000
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3 Generations of particles – How do we know?
LEP: The heavy Z boson decays into 3 light neutrino types.

2 neutrinos
3 neutrinos
4 neutrinos

measurements

Collision Energy (GeV)

N
um

be
r o

f e
ve

nt
s

LEP

• No additional weakly interacting light fermion generations.

=3
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3 Generations of particles – How do we know?

11. Status of Higgs boson physics 19

features present in the event. The categorization of events increases the sensitivity of the
overall analysis and allows a separation of different Higgs boson production processes.
Most categories are dominated by signal from one Higgs decay mode but contain an
admixture of various Higgs production processes. For example, a typical VBF selection
requires Higgs boson candidates to be accompanied by two energetic jets (≥ 30GeV) with
a large dijet mass (≥ 400GeV) and separated by a large pseudorapidity (∆ηjj ≥ 3.5).
While such a category is enriched in Higgs bosons produced via VBF, the contamination
from the gluon fusion production mechanism can be significant. Hence a measurement of
the signal rate in the VBF category does not imply a measurement of VBF production
cross-section. Simulations are used to determine the relative contributions of the various
Higgs production modes in a particular category.

III.1.1. H → γγ
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Figure 11.3: (Left) The invariant mass distribution of diphoton candidates, with
each event weighted by the ratio of signal-to-background in each event category,
observed by ATLAS [124] at Run 2. The residuals of the data with respect to the
fitted background are displayed in the lower panel. (Right) The m4! distribution
from CMS [125] Run 2 data.

In the H → γγ channel a search is performed for a narrow peak over a smoothly falling
background in the invariant mass distribution of two high pT photons. The background
in this channel is conspicuous and stems from prompt γγ processes for the irreducible
backgrounds, and the γ+jet and dijet processes for the reducible backgrounds where one
jet fragments typically into a leading π0. In order to optimize search sensitivity and also
to separate the various Higgs production modes, ATLAS and CMS experiments split
events into several mutually exclusive categories. Diphoton events containing a high pT

June 5, 2018 19:47

𝐻 → 𝛾γ

𝐻 → 4𝜇

LHC: Higgs production:
Loop diagram is proportional to the 
mass of the heaviest fermion.

10 11. Status of Higgs boson physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.

uncertainties in the theoretical calculations due to missing higher-order effects and

June 5, 2018 19:47

• Top is the heaviest fermion flavour.
Ø3 Flavour generations 

3

i = 1, 2, 3
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How about leptons?
• Equivalent of CKM-Matrix 𝑉YZ[ for leptons is PMNS-Matrix
• Pontecorvo-Maki-Nakagawa-Sakata matrix: 𝑈!kLE

• Neutrinos: 𝑈\[]^ • Quarks: 𝑉YZ[
𝜈.
𝜈/
𝜈0

=
𝑈." 𝑈.' 𝑈.1
𝑈/" 𝑈/' 𝑈/1
𝑈0" 𝑈0' 𝑈01

𝜈"
𝜈'
𝜈1

𝑑′
𝑠′
𝑏3

=
𝑉() 𝑉(* 𝑉(+
𝑉,) 𝑉,* 𝑉,+
𝑉-) 𝑉-* 𝑉-+

𝑑
𝑠
𝑏

ν1 ν2 ν3 d s b

22 Chapter 2 The Cabibbo-Kobayashi-Maskawa Matrix

B0

d

D∗−
cb

W+

d

e+

νe

V ∗

cb
W−

µ− νµ

e−

νe

1

Figure 2.5: Diagrams important for determining Vcb.

discussed in detail in Section 3.5. Using lattice calculations to take long-distance
effects into account, and assuming |Vtb| = 1, yields:

|Vtd| = 0.0081± 0.0005

|Vts| = 0.0394± 0.0023

|Vtb| : CDF, D0, ATLAS and CMS measured the ratio of branching ratiosBr(t → Wb)/Br(t →
Wq), yielding the following 95% confidence level limit:

|Vtb| = 1.019± 0.025

Taking all the information above, a global fit with Standard Model constraints leads to
the following result for the absolute values of the elements:

VCKM =





0.97446 0.22452 0.00365
0.22438 0.97359 0.04214
0.00896 0.04133 0.99911



±





0.00010 0.00044 0.00012
0.00044 0.00011 0.00076
0.00024 0.00974 0.00003



 (2.6)

The strength of the charged current couplings seem to exhibit a hierarchy. This pattern
motivated Wolfenstein [8] to parametrize the CKM-matrix in powers of the parameter

λ ≈ sin θ12 ≈
√

md

ms
, which is described in the next section.

|VCKM | ∼





1 λ λ3

λ 1 λ2

λ3 λ2 1





2.4 Discussion 27

2.4.1 The Lepton Sector

We only focussed on the quark couplings, and we will continue to do so in the rest of
these notes. Nevertheless it is both enlightening and intriguing to cast some light on the
lepton sector.

The discovery of neutrino oscillations [11] implies that neutrinos have non-zero mass, and
as a result a similar diagonalization of the Yukawa matrix can be done, compared to
the quarks (see Section 1.4.1). The lepton counterpart of the CKM-matrix is called the
PMNS-matrix, after Maki, Nakagawa, Sakata and Pontecorvo [12].

The first observation is that the leptons are commonly referred to as the flavour eigen-
states, in contrast to the mass eigenstates that we use for the quarks. For example, we
typically picture the W to couple purely to a (e, νe) pair, whereas the coupling of the W
to the quarks we picture as the coupling to a (u, [d, s, b]) pair, ie. a mixture of d, s and b
quarks. The lepton-equivalent of the down-type mass eigenstates are ν1, ν2 and ν3.

The second, inspiring, observation is that the magnitude of the elements of the MNSP-
matrix show a completely different hierarchy [13]:

UMNSP =





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



 ≈





0.82 0.55 0.15
0.37 0.57 0.70
0.39 0.59 0.69



 .

Interesting numerology appears if we square the matrix elements, revealing the following
approximate composition (known as ’tri-bimaximal mixing’ [14]):

|UMNSP |2 ≈





2
3

1
3 0

1
6

1
3

1
2

1
6

1
3

1
2



 ,

or alternatively:

UMNSP ≈









√

2
3

√

1
3 0

−
√

1
3

√

2
3 0

0 0 1













1 0 0
0 1 0
0 0 1













1 0 0

0
√

1
2

√

1
2

0 −
√

1
2

√

1
2









=











√

2
3

√

1
3 0

−
√

1
6

√

1
3 −

√

1
2

−
√

1
6

√

1
3

√

1
2











.

This comparison should make clear that the hierarchy in the CKM matrix, nor the fact
that the matrix is symmetric, is by any means “logical”, or “natural”?!

To date, no experiment has reached the sensitivity to measure complex phases on the
MNSP matrix elements, which would indicate CP violation in the lepton sector 3.

3The situation is slightly more complex if the neutrino’s are of Majorana nature, ie. if the neutrinos
are their own anti-particles. The smallness of the neutrino masses is typically explained with the see-saw

mechanism, which at the same time predicts a heavy right-handed sterile neutrino at the grand-unification
scale.

Completely 
different 
hiearchy
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Flavour Physics and CP Violation

Contents per Week:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Mixing
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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Summer 18

CKM
f i t t e r

How large is CP violation?

• Large CP violation requires large mixing 
and large phases in the CKM matrix.
• Surface of unitarity triangle
• Jarlskog invariant:   𝐽 = 3 ×10(u

• CP violation also requires three generations 
with non-zero quark masses
- In fact, different masses are required:
§ 𝑚0 ≠ 𝑚1 ; 𝑚1 ≠ 𝑚2 ; 𝑚2 ≠ 𝑚0
§ 𝑚3 ≠ 𝑚4 ; 𝑚4 ≠ 𝑚5 ; 𝑚5 ≠ 𝑚3

• Jarlskog criterion (1987) for amount of CP violation:
- det 𝑀(𝑀(

4 , 𝑀)𝑀)
4 = 2 𝑖 𝐽 𝑚-

' −𝑚,
' 𝑚,

' −𝑚(
' 𝑚(

' −𝑚-
'

× 𝑚+
' −𝑚*

' 𝑚*
' −𝑚)

' 𝑚)
' −𝑚+

'
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SU(2)

𝑣

• W interaction flavour universal
𝓛h = i

)𝑢′C 𝛾1𝑊
1 𝑑′C
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SU(2) à Higgs vev

𝑣

• W interaction flavour universal

𝓛Z = 𝑌2T# P𝑢2/, P𝑑2/ C
0
X 𝑑TV/ + 𝑌2TW P𝑢2/, P𝑑2/ C

X
0 𝑢TV/

𝓛h = i
)𝑢′C 𝛾1𝑊

1 𝑑′C

• Higgs interaction not flavour universal

𝒗
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SU(2) à Higgs vev à Origin of Mass

𝑢2 = 𝑉W 2T 𝑢T/ 𝑑2 = 𝑉# 2T 𝑑T
/

𝑣

• W interaction flavour universal

𝓛Z = 𝑌2T# P𝑢2/, P𝑑2/ C
0
X 𝑑TV/ + 𝑌2TW P𝑢2/, P𝑑2/ C

X
0 𝑢TV/

• Amount of CP violation:

• Mass vs Interaction states:

𝓛h = i
)𝑢′C 𝛾1𝑊

1 𝑑′C

det 𝑀(𝑀(
4 , 𝑀)𝑀)

4 = 2 𝑖 𝐽 𝑚-
' −𝑚,

' 𝑚,
' −𝑚(

' 𝑚(
' −𝑚-

'

× 𝑚+
' −𝑚*

' 𝑚*
' −𝑚)

' 𝑚)
' −𝑚+

'

• Higgs interaction not flavour universal

𝒗
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SU(2) à Higgs vev à Origin of Mass à Origin of CP violation?

𝑢2 = 𝑉W 2T 𝑢T/ 𝑑2 = 𝑉# 2T 𝑑T
/

𝑣

• W interaction flavour universal

𝓛Z = 𝑌2T# P𝑢2/, P𝑑2/ C
0
X 𝑑TV/ + 𝑌2TW P𝑢2/, P𝑑2/ C

X
0 𝑢TV/

• Amount of CP violation:

• Mass vs Interaction states:

𝓛h = i
)𝑢′C 𝛾1𝑊

1 𝑑′C

det 𝑀(𝑀(
4 , 𝑀)𝑀)

4 = 2 𝑖 𝐽 𝑚-
' −𝑚,

' 𝑚,
' −𝑚(

' 𝑚(
' −𝑚-

'

× 𝑚+
' −𝑚*

' 𝑚*
' −𝑚)

' 𝑚)
' −𝑚+

'

• Higgs interaction not flavour universal

• Does the Standard Model include CP violation 
before symmetry breaking?
• Is CP violation perhaps an emergent phenomenon?

𝒗
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The Baryogenesis Puzzle – Electroweak Baryogenesis?
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The Baryogenesis Puzzle – Electroweak Baryogenesis?
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( 𝑚7
( −𝑚5

( 𝑚5
( −𝑚8

(

• From CKM: ⁄𝐴;< 𝑇4'( ≈ 10-(& à Too small
• Used 𝑇4 ∼ 100 GeV  

� SM: MH <  ~70 GeV
� THDM: MH ~ 125 OK

✓ Sphalerons

Higgs Phase Transition

tunnel

V
1st order

f
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SMV
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The Baryogenesis Puzzle – Electroweak Baryogenesis?
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Figure 1. Expanding bubbles of the electroweak-broken phase within the
surrounding plasma in the electroweak-symmetric phase.
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Figure 2. Baryon production in front of the bubble walls.

2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson
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Figure 2. Baryon production in front of the bubble walls.

2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson
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Expanding bubbles of broken phase
In a medium of symmetric phase 

Baryon production in 
front of bubble wall

èWas the phase transition in the early 
universe of 1st order?
èHiggs potential?

è If new physics is abundant in thermal 
plasma of early universe: 
è Likely to be of TeV energy scale.
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Alternative Explanation…



Flavour Physics and CP Violation

Contents per Week:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Mixing
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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