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The mandatory early joke slide

Fig. 1. My teaching responsibilities for this term.
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Overview

Lecture 1: Flavour in the SM (Today)

I Flavour in the SM

I Quark Model History

I The CKM matrix

Lecture 2: Mixing and CP violation

I Neutral Meson Mixing (no CPV)

I B-meson production and experiments

I CP violation

Lecture 3: Measuring the CKM parameters

I Measuring CKM elements and phases

I Global CKM fits

I CPT and T -reversal

I Dipole moments

Lecture 4: Flavour Changing Neutral Currents

I Effective Theories

I New Physics in B mixing

I New Physics in rare b→ s processes

I Lepton Flavour Violation
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Reading Material

I I have provided a short document containing an overview of the course and a reading

list which can be found on the indico event page

https://indico.cern.ch/event/1037445/

I I’ve also put a copy of it on my warwick page (along with these slides)

https://warwick.ac.uk/fac/sci/physics/staff/academic/kenzie

I Most of the material for these slides comes from one of the sources on that reading list

Many thanks to Tom Blake, Tim Gershon, Niels Tuning, Mitesh Patel,

Monika Blanke and Gino Isidori for inspiration, ideas and outright

plagiarism

Quiz link for Lecture 1. Click here.
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What is flavour physics?What is flavour physics?
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“The term flavor was first used in particle physics 
in the context of the quark model of hadrons. It 

was coined in 1971 by Murray Gell-Mann and his 
student at the time, Harald Fritzsch, at a Baskin-

Robbins ice-cream store in Pasadena. Just as ice 
cream has both color and flavor so do quarks.”

RMP 81 (2009) 1887
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Standard Model Particles

M. Kenzie 6 / 54



Parameters of the Standard Model

I 3 gauge couplings

I 2 Higgs parameters

Flavour Parameters

I 6 quark masses

I 3 quark mixing angles + 1 phase [CKM matrix]

I 3 (+3) lepton masses

I (3 lepton mixing angles + 1 phase) [PMNS matrix]

() = with Dirac neutrino masses

These lectures cover the flavour physics of quarks and I will not discuss neutrinos

(much)

I See Steve Boyd’s lectures for more
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Aspects of flavour physics

I Families / generations
I 3 pairs of quarks
I 3 pairs of leptons
I Why? Do we know this for sure?

I Clear (and not so clear) hierarchies
I m(t) > m(c) > m(u)
I m(b) > m(s) > m(d)
I m(τ) > m(µ) > m(e)
I m(ντ ) > m(νµ) > m(νe)?

I Mixing and couplings
I Hierarchy in (quark/lepton) mixings?
I Universality
I (no) flavour changing neutral current (FCNC)

I Symmetry (violation)
I P / C / CP/ T violation
I Baryon asymmetry of the universe
I Lepton flavour violation / universality?

I Unification
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What’s with neutrinos?

I Parity violation / chirality
I Neutrinos are only left-handed
I Anti-neutrinos are only right-handed

I BUT NOT massless!
I What happened to right-handed neutrinos?

I New Physics?

I Probe of Grand Unification?

See Steve Boyd’s lectures for more.
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Checkpoint Reached

2. Flavour in the SM
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Flavour in the SM

A brief theoretical interlude which we will flesh out with some history afterwards

I Particle physics can be described to excellent precision by a relatively straightforward

and very beautiful theory (we all know and love the SM):

LSM = LGauge(Aa, ψi) + LHiggs(φ,Aa, ψi) (1)

I It contains:
I Gauge terms that deal with the free fields and their interactions via the strong and

electroweak interactions
I Higgs terms that give rise to the masses of the SM fermions and weak bosons
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Flavour in the SM

I The Gauge part of the Lagrangian is well verified

LGauge =
∑
j

iψ̄j /Dψj −
∑
a

1

4g2
a

F aµνF
µν,a (2)

I Parity is violated by electroweak interactions

I Fields are arranged as left-handed doublets and right-handed singlets

ψ = QL, uR, dR, cR, sR, tR, bR quarks (3)

LL, eR, µR, τR leptons (4)

with

QL =

(
uL

dL

)
,

(
cL

sL

)
,

(
tL

bL

)
and LL =

(
eL

νeL

)
,

(
µL

νµL

)
,

(
τL

ντL

)
(5)

I The Lagrangian is invariant under a specific set of symmetry groups:

SU(3)c × SU(2)L ×U(1)Y

M. Kenzie 12 / 54



Quark Gauge Couplings

I Without the Higgs we have flavour universal gauge couplings equal for all three

generations (huge degeneracy)

Lquarks =

3∑
j

iQ̄j /DQQj︸ ︷︷ ︸
left−handed doublets

+ iŪj /DUUj + iD̄j /DDDj︸ ︷︷ ︸
right−handed singlets

(6)

leptons have been omitted for simplicity

I with the covariant derivatives

DQ,µ = ∂µ + igsλαG
α
µ + igσiW

i
µ + iYQg

′Bµ

DU,µ = ∂µ + igsλαG
α
µ + iYUg

′Bµ

DD,µ = ∂µ + igsλαG
α
µ + iYDg

′Bµ

and YQ = 1/6, YU = 2/3, YD = −1/3
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Yukawa couplings

I In order to realise fermion masses we introduce “Yukawa couplings”

I This is rather ad-hoc. It is necessary to understand the data but is not stable with

respect to quantum corrections (the Hierarchy problem).

I By doing this we introduce flavour non-universality via the Yukawa couplings between

the Higgs and the quarks

LYukawa =

3∑
i,j

(−Q̄iLY ijU H̃u
j
R − Q̄

i
LY

ij
D Hd

j
R + h.c.) (7)

leptons have been omitted for simplicity

I Replace H by its vacuum expectation value, 〈H〉 = (0, ν)T , and we obtain the quark

mass terms
3∑
i,j

(−ūiLmij
Uu

j
R − d̄

i
Lm

ij
Dd

j
R) (8)

with the quark mass matrices given by mA = νYA with A = (U,D,L)
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Diagonalising the mass matrices

I Quark mass matrices, mU , mD, mL, are 3× 3 complex matrices in “flavour space”
with a priori arbitary values.
I We can diagonalise them via a field redefintion

uL = ÛLu
m
L , uR = ÛRu

m
R , dL = D̂Ld

m
L , dR = D̂Rd

m
R (9)

I such that in the mass eigenstate basis the matrices are diagonal

mdiag
U = Û†LmU ÛR, mdiag

D = D̂†LmDD̂R (10)

I The right-handed SU(2) singlet is invariant but recall the left-handed SU(2) doublet

gives rise to terms like
g√
2
ūiLγµW

µdiL (11)

I In the mass basis this then becomes

g√
2
ūiL Û

†ij
L D̂jk

L︸ ︷︷ ︸
V̂CKM

γµW
µdkL (12)

This combination, V̂CKM = Û†ijL D̂jk
L , is the physical CKM matrix and generates

flavour violating charged current interactions. It is complex and unitary, V V † = 1
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Flavour in the SM

I CKM matrix transforms the mass eigenstate basis to the flavour eigenstate basis
I and brings with it a rich variety of observable phenomena

mass eigenstates 6= weak eigenstatesd
′

s′

b′

 =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


ds
b

 (13)

I The up-type quark to down-type quark transition probability proportional to the

squared magnitude of the CKM matrix elements, |Vij |2

CKM matrix
• Up-type to down-type (or vice-versa) transition probability 

governed by the elements of the CKM matrix
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Marseille, March 2015 T.M. Karbach / CERN / LHCb 12

CP Violation in the SM: CKM matrix

Cabibbo
Kobayashi
Maskawa

mass 
eigenstates

flavor
eigenstates

matrix elements determine transition probabilities:

Marseille, March 2015 T.M. Karbach / CERN / LHCb 12

CP Violation in the SM: CKM matrix

Cabibbo
Kobayashi
Maskawa

mass 
eigenstates

flavor
eigenstates

matrix elements determine transition probabilities:

gp
2
ūLiVij�µWµ+dLj

VCKM =

0
@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1
A

We will return to the CKM matrix later!

g√
2
ūLiVijγµW

µ+dLj
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Lepton and baryon number conservation

I The gauge part of the SM Lagrangian is invariant under U(3) symmetries of the

left-handed doublets and right-handed singlets if the fermions are massless

LGauge =
∑
j

iψ̄j /Dψj −
∑
a

1

4g2
a

F aµνF
µν,a

I These U(3) symmetries are broken by the Yukawa terms. The only remaining

symmetries correspond to lepton number and baryon number conservation

I These are “accidental” symmetries, coming from the particle content, rather than

being explicitly imposed

We will return to the CKM matrix and CKM metrology later!
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Why is flavour important?

I Most of the free parameters in the SM are related to the flavour sector

I The flavour sector provides the only source of CP -violation in the SM

I Flavour changing neutral current processes can probe mass scales well beyond those
directly accessible at the LHC
I If there are new particles at the TeV-scale, why don’t they manifest themselves in FCNC

processes (called the flavour problem)?

Puzzles in flavour

I Why are there so many parameters and why do they have the values they do?

I Why do we have a flavour structure with 3 generations
I As we will see shortly, we know that we need ≥ 3 generations to get CP -violation. Are

there more generations to discover? If not why exactly 3?

I Why do the quarks have a flavour structure that exhibits both smallness and
hierarchy?
I Why is the neutrino sector so different (neither small nor hierarchical)?
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Mass and flavour hierarchy?

I Large hierarchy in scale between the

masses of the fermions

I Equivalent to having a large hierarchy

in the Yukawa couplings

I Why / how is this hierarchy so large

and why is yt ∼ 1?

T. Blake

e
ν

µ
ν

τ
ν

-
e

-
µ

-
τ u d s c b t

m
as

s [
eV

]

-3
10

1

3
10

6
10

9
10

12
10

Mass hierarchy?
• Large hierarchy in 

scale between the 
masses of the fermions.  

• Equivalent to having a 
large hierarchy in the 
Yukawa couplings.  

• Why is this hierarchy so 
large? Why is yt ~ 1?

14

CKM matrix for the quark sector

T. Blake

Flavour hierarchy? 

13

CKM matrix for quark sector PMNS matrix for neutrino sector
PMNS matrix for the neutrino sector

T. Blake

Flavour hierarchy? 

13

CKM matrix for quark sector PMNS matrix for neutrino sector
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Checkpoint Reached

3. Quark Model History

M. Kenzie 20 / 54



Isospin

I What’s the difference between a proton (p) and a neutron (n0)?
I They have similar masses
I They have a similar strong coupling
I Just have a different charge

I In 1932 Heisenberg proposed that (p, n0) are members of an isospin doublet
I Can be treated as the same particle with different isospin projections

p : (I, Iz) = (1/2,+1/2), n : (I, Iz) = (1/2,−1/2)

I The pions can be arranged as an isospin triplet

π+ : (I, Iz) = (1,+1), π0 : (I, Iz) = (1, 0), π− : (I, Iz) = (1,−1)

I Isospin is conserved in strong interactions
I Isospin is violated in weak interactions

I We now know this is not the correct model (it’s not an exact symmetry) but it’s still a
very useful concept
I It works because mu ∼ md < ΛQCD and can be used to predict interaction rates:

σ(p+ p→ d+ π+) : σ(p+ n→ d+ π0) = 2 : 1

can you explain this 2:1 ratio?
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Strangeness (the kaon observation)

I In 1947 Rochester and Butler observed two new particles with mass ∼ 500 MeV and
long lifetimes
I Neutral particle (no track) → two charged pions
I Charged particle (track) → charged pion + something
I Long lifetimes, O(10−10s), so dubbed “strange”

K0
S → π+π−

T. Blake

Kaon observation
• In 1947, Rochester and Butler observed two new particles with masses 

around 500 MeV and relatively long lifetimes. 

K0
S ! ⇡+⇡� K+ ! µ+⌫µ

19

K+ → µ+νµ

T. Blake

Kaon observation
• In 1947, Rochester and Butler observed two new particles with masses 

around 500 MeV and relatively long lifetimes. 

K0
S ! ⇡+⇡� K+ ! µ+⌫µ

19
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The Quark Model

I Many new particles (a “zoo”) discovered in the 60s

I Gell-Mann, Nishijima and Ne’eman introduced the quark “model” (u, d, s) which

could elegantly categorise them (the “eight-fold way” - flavour SU(3) symmetry)

I Gell-Mann and Pais
I Strangeness conserved in strong interactions (production)
I Strangeness violated in weak interactions (decay)
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The Quark Model

I Can only make colour neutral objects
I Quark anti-quark mesons (qq̄) or three quark baryons (qqq).

Nearly all known states fall into one of these two categories
I Can also build colour neutral states containing more quarks

(e.g. 4 or 5 quark states). Only quite recently confirmed

(and still not entirely understood).

T. Blake

Quark model
• Can only make colour neutral objects: 

➡ Quark anti-quark or three quark combinations 
(mesons and baryons).

21

q q̄

q q q

}meson

}
baryon

T. Blake

Quark model
• Can only make colour neutral objects: 

➡ quark anti-quark or three quark combinations 
(mesons and baryons). Nearly all known 
particles fall into one of these two categories.  

➡ Can also build colour neutral states containing 
more quarks (e.g. 4 or 5 quark states).

25

q q̄

q q q

q q̄

q q̄

q q q

q
q̄

qq̄

tetraquark

pentaquark

q
q̄

weakly bound molecule

q q̄

hybrid

glueball

+ …
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The Quark Model

T. Blake

Quark model

24
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The Quark Model

SU(2) flavour mixing

I Four possible combinations from two quarks (u and d)

uu, dd, ud, ud

I Under SU(2) symmetry the π0 and η states are members of an isospin triplet and

singlet respectively

π0 =
1√
2

(uu− dd), η =
1√
2

(uu+ dd)

SU(3) flavour mixing

I Introducing the strange quark (under SU(3) symmetry) we now have an octuplet and

a singlet

π0 =
1√
2

(uu− dd), η1 =
1√
3

(uu+ dd+ ss), η8 =
1√
6

(uu+ dd− 2ss)

I The physical states involve a further mixing

η = η1 cos θ + η8 sin θ, η′ = −η1 sin θ + η8 cos θ
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The Quark Model

I Can elegantly categorise states by isospin (up/downess) and strangeness

I Also get the excited states which can be categorised in the same way

Spin-0 Mesons

1.0 0.5 0.0 0.5 1.0
Isospin, Iz

1.0

0.5

0.0

0.5

1.0

St
ra

ng
en

es
s, 

S

+
0

K+

K

K0

K0

′

Spin-1/2 Baryons

1.0 0.5 0.0 0.5 1.0
Isospin, Iz

2.0

1.5

1.0

0.5

0.0

St
ra

ng
en

es
s, 

S

pn

+00

0

Homework

I What is the quark content of these states?

I Do you know the spin-1 (spin-3/2) states?
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The Cabibbo Angle

I Compare rates of:

s→ u: K+ →µ+νµ (Λ0 → pπ−, Σ+ →ne+νe)

d→ u: π+ →µ+νµ ( n →pe+νe)
I Apparent that s→ u transitions are suppressed by a factor ∼ 20

I Cabibbo (1963) suggested that “down-type” is some ad-mixture of d and s
I The first suggestion of quark mixing
I Physical state is an admixture of flavour states(

u

d′

)
=

(
u

d cos(θC) + s sin(θC)

)
(14)

I The mixing angle is determined experimentally to be sin(θC) = 0.22.
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GIM mechanism

I Cabibbo’s solution opened up a new experimental problem
I K+ →µ+νµ had been seen but not K0

L →µ
+µ−

- B(K0
L → µ+µ−) ≈ 7× 10−9

- B(K0
L → e+e−) ≈ 1× 10−11

I K+ →π0µ+νµ had been seen but not K0
L →π

0µ+µ−

- B(K0
L → π0µ+µ−) ≈ 1× 10−10

I If the doublet of the weak interaction is the one Cabibbo suggested, Eq. (14), then

one can have neutral currents

J0
µ = d̄′γµ(1− γ5)d′ (15)

which introduces tree level FCNCs (which we don’t see)

I Glashow, Iliopoulos and Maiani (1970) provided a solution by adding a second doublet(
c

s′

)
=

(
c

−d sin(θC) + s cos(θC)

)
(16)

I This exactly cancels the term above, Eq. (15)
I Thus FCNC contributions are suppressed via loops
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GIM suppression

I Consider the s →d transition required for K0
L →µ+µ−

I Given that mu,mc � mW

A ≈ VusV ∗ud + VcsV
∗
cd

= sin(θC) cos(θC)− cos(θC) sin(θC)

= 0

I Indeed 2× 2 unitarity implies that

VusV
∗
ud + VcsV

∗
cd = 0

I Predicts the existence of the charm quark:
I Kaon mixing
I Low branching fractions for FCNC decays

GIM suppression

  

GIM suppression of loops

s d

A = V
us

V
ud

* f(m
u
/m

W
) + V

cs
V

cd

* f(m
c
/m

W
)

2x2 unitarity:

V
us

V
ud

* + V
cs
V

cd

* = 

sin(θ
c
)cos(θ

c
) – cos(θ

c
)sin(θ

c
) = 0

m
u
, m

c
 < m

W
 ∴ f(m

u
/m

W
) ~ f(m

c
/m

W
)

∴ A ~ 0

kaon mixing ⇒ predict m
c

u,c

γ / Z

μ μ
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• Consider the s	➝ d	transition required for K0➝µ+µ-

• mu, mc < mW :

• Predict existence of charm
• Kaon mixing
• Low BR for K0➝µ+µ-etc.

A = VusV
⇤
udf(mu/mW )

+ VcsV
⇤
cdf(mc/mW )

A ' VusV
⇤
ud + VcsV

⇤
cd

= sin(✓C) cos(✓C) � cos(✓C) sin(✓C)

= 0
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Observation of the J/ψ

I Experimental evidence for the charm quark came

in 1974.

I Discovery of charmonium (J) at Brookhaven in

pBe→ e+e−X.

I Discovery of charmonium (ψ) at SLAC in

e+e− → (hadrons), e+e−, µ+µ−

T. Blake

Observation of J/!
• Experimental evidence for charm quark 

came in 1974. 

• Discovery of charmonium (J) at Brookhaven  
in p Be  → e+e−X. 

• Discovery of charmonium (!) at SLAC  
in e+e− → hadrons, e+e−, µ+µ−

37
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Charmed Multiplets

Mesons
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Charmed Multiplets

Baryons
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Parity violation

I Two decays were found for charged strange mesons
I θ → π+π0

I τ → π+π−π+

I The θ − τ puzzle
I Masses and lifetimes of θ and τ are the same
I But 2π and 3π final states have the opposite parity

I The resolution is that θ and τ are the same particle, K+, and parity is violated in the

decay
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C and P

I Prior to 1956 it was thought that the laws of
physics were invariant under parity, P , (i.e. a
mirrored reflection)
I Shown to be violated in β decays of Co-60 by

C. S. Wu (following an idea by T. D. Lee and

C. N. Yang)

I Now known that parity, P , is maximally violated
in weak decays
I There are no right-handed neutrinos

I Charge, C, is also maximally violated in weak
decays
I There is no left-handed anti-neutrino

I The product CP is conserved (Landau 1957) and

distinguishes absolutely between matter and

antimatter

I The product CPT is conserved in any Lorentz

invariant gauge field theory

T. Blake

C and P
• Prior to 1956, it was thought that the laws of 

physics were invariant under parity, i.e. mirror 
image of a process is also a valid physical 
process.  

➡ Shown to be violated in β-decays of Co-60 
by C. S. Wu (following an idea by T. D. Lee 
an C. N. Yang).  

• Now know that Parity is maximally violated in 
weak decays. 

➡ No  right-handed neutrinos. 

• C is also maximally violated in weak decays. 

➡ No left-handed anti-neutrino.  

• The product CP, distinguishes between matter 
and anti-matter. 
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Neutral Kaon Mixing

I Ignoring CP -violation, in the neutral kaon system the two physical (mass/lifetime)

states are admixtures of the strangeness (flavour) states

|K1〉 =
|K0〉 − |K0〉√

2
and |K2〉 =

|K0〉+ |K0〉√
2

(17)

under parity, P , and charge conjugation, C, the flavour states transform as

P|K0〉 = −|K0〉, C|K0〉 = |K0〉 and CP|K0〉 = −|K0〉. (18)

I For the physical states

P|K1,2〉 = −|K1,2〉, C|K1,2〉 = ∓|K1,2〉 and CP|K1,2〉 = ±|K1,2〉. (19)

i.e. they are eigenstates of P , C and CP as well.

I What does this tell us about their decays?
I π+π− has P = +1, C = +1, CP = +1 - shorter lived K1 = K0

S
I π+π−π0 has P = −1, C = +1, CP = −1 - longer lived K2 = K0

L

I If CP is preserved K0
L decay to two pions should be forbidden
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CP -violation

I In 1964 Christensen, Cronin, Fitch and Turlay observed 2π decays of the K2 (K0
L)

meson
CP Violation
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CP violation can be explained by the CKM mechanism
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CKM mechanism

I In 1973 Kobayashi and Maskawa introduce the CKM mechanism to explain

CP -violation

I As we will see this requires a third generation of quark and so they predict the

existence of b and t quarks

CKM mechanism
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• Predicts existence of b and t quarks

M. Kenzie 38 / 54



Checkpoint Reached

4. The CKM Matrix
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Parameters of the CKM matrix

I 3× 3 complex matrix
I 18 parameters

I Unitary
I 9 parameters (3 mixing angles, 6 complex phases)

I Quark fields absorb 5 of these (unobservable) phases

I Left with:
I 3 mixing angles (θ12, θ23, θ13)
I one complex phase (δ) which gives rise to CP -violation in the SM

The CKM Matrix

VCKM =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


I A highly predictive theory
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Parameters of the CKM matrix

I Absorbing quark phases can be done because under a quark phase transformation

uiL → eiφ
i
uuiL, diL → eiφ

i
ddiL (20)

and a simultaneous rephasing of the CKM matrix (Vjk → ei(φj−φk)Vjk)

VCKM →

e
iφu

eiφc

eiφt


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


e

iφd

eiφs

eiφb

 (21)

the charged current Jµ = ūLiVijγ
µdLj is left invariant

I So all additional quark phases are rephased to be relative to just one

Degrees of freedom in an N generation CKM matrix

Number of generations 2 3 N

Number of real parameters 4 9 N2

Number of imaginary parameters 4 9 N2

Number of constraints (V V † = 1) −4 −9 −N2

Number of relative quark phases −3 −5 −(2N − 1)

Total degrees of freedom 1 4 (N − 1)2

Number of Euler angles 1 3 N(N − 1)/2

Number of CP phases 0 1 (N − 1)(N − 2)/2
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CKM parameterisations

I The standard form is to express the CKM matrix in terms of three rotation matrices

and one CP -violating phase (δ)

VCKM =

1 0 0

0 c23 s23

0 −s23 c23


︸ ︷︷ ︸

2nd and 3rd gen. mixing

 c13 0 s13e
−iδ

0 1 0

−s13e
+iδ 0 c13


︸ ︷︷ ︸
1st and 3rd gen. mixing + CPV phase

 c12 s12 0

−s12 c12 0

0 0 1


︸ ︷︷ ︸

1st and 2nd gen. mixing

(22)

=

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
−iδ −c13s23 − s12c23s13e

iδ c23c13

 (23)

where

cij = cos(θij) and sij = sin(θij)
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CKM parameterisations

I Emprically s12 ∼ 0.2, s23 ∼ 0.04, s13 ∼ 0.004

I CKM matrix exhibits a very clear hierarchy

I The so-called Wolfenstein parameterisation exploits this

I Expand in powers of λ = sin(θ12)

I Use four real parameters which are all ∼ O(1), (A, λ, ρ, η)

The CKM Wolfenstein parameterisation

VCKM =

 1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4) (24)

I The CKM matrix is almost diagonal
I Provides strong constraints on NP models in the flavour sector

I Have seen already that quark masses also exhibit a clear hierarchy

I The flavour hierarchy problem
I Where does this structure come from?
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CKM Unitarity Constraints

I The unitary nature of the CKM matrix provides several constraints, V V † = 1

I The ones for off-diagonal elements consist of three complex numbers summing to 0
I Hence why these are often represented as triangles in the real / imaginary plane (see

next slide)

Constraints along diagonal

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

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

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

|Vud|2 + |Vcd|2 +|Vtd|2 = 1

|Vus|2 + |Vcs|2 +|Vts|2 = 1

|Vub|2 + |Vcb|2 +|Vtb|2 = 1

Constraints off-diagonal

VudV
∗
us + VcdV

∗
cs +VtdV

∗
ts = 0

VudV
∗
ub + VcdV

∗
cb +VtdV

∗
tb = 0

VusV
∗
ub + VcsV

∗
cb +VtsV

∗
tb = 0

VudV
∗
cd + VusV

∗
cs+VubV

∗
cb = 0

VudV
∗
td + VusV

∗
ts+VubV

∗
tb = 0

VcdV
∗
td + VcsV

∗
ts +VcbV

∗
tb = 0
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CKM Unitarity Triangles and the Jarlskog Invariant

I The off-diagonal constraints can be represented as triangles in the complex plane

VudV
∗
us+VcdV

∗
cs+VtdV

∗
ts = 0

λ + λ + λ5

Unitarity Triangles
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• All have equal area = J/2
• This quantifies total CPV in quark sector

VudV
∗
ub+VcdV

∗
cb+VtdV

∗
tb = 0

λ3 + λ3 + λ3

Unitarity Triangles
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• All have equal area = J/2
• This quantifies total CPV in quark sector

VusV
∗
ub+VcsV

∗
cb+VtsV

∗
tb = 0

λ4 + λ2 + λ2

Unitarity Triangles
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• All have equal area = J/2
• This quantifies total CPV in quark sector

I All the triangles have the equivalent area (known as the Jarlskog invariant), J/2

I J is a phase convention independent measure of CP -violation in the quark sector

|J | = Im(VijVklV
∗
kjV

∗
il ) for i 6= k and j 6= k (25)

I In the standard notation

J = c12c
2
13c23s12s23s13 sin(δ) (26)

I The small size of the Euler angles means J (and CP -violation) is small in the SM
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The matter-antimatter asymmetry

I From CMB measurements by WMAP and Plank

nB − nB̄
nγ

≈ 6× 10−10 (27)

I In the early hot universe we expect annihilation (upon expansion and cooling) to give

nB ≈ nB̄ ≈ nγ (28)

I The matter-antimatter imbalance is certainly small but far too large to be explained

by electroweak baryogenesis.

I But CP -violation in the quark sector is too small because of the size of the mixing

angles and the large hierarchy of quark masses.

Sakharov (1967) conditions:

I required for a matter dominated universe from a symmetric initial state

1. Baryon number violation

2. C and CP violation

3. Interactions out of thermal equilibrium
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Generating a Baryon Asymmetry

I If we start with equal amounts of matter (M) and antimatter (M̄)

I And assume there are only two possible decay modes:
I M → A (baryon number NA) with probability p
I M → B (baryon number NB) with probability (1− p)
I M̄ → Ā (baryon number −NA) with probability p̄
I M̄ → B̄ (baryon number −NB) with probability 1− p̄

I Generated baryon asymmetry:

∆Ntot = NAp+NB(1− p)−NAp̄−NB(1− p̄) (29)

= (p− p̄)(NA −NB) (30)

I To have ∆Ntot 6= 0 requires both p 6= p̄ and NA 6= NB

I i.e. need baryon number violation and CP violation

I Even then, the system needs to be out of thermal equilibrium otherwise

Γ(A→ B + C) = Γ(B + C → A) (31)

and the asymmetry is destroyed as soon as it’s created
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Jarlskog Invariant and BAU

I We can estimate the size of the BAU from CP -violation in the quark sector using the

Jarlskog invariant
nB − nB̄

nγ
≈ nB
nγ
∼ J × Pu × Pd

M12
(32)

where

J = cos(θ12) cos(θ23) cos2(θ13) sin(θ12) sin(θ23) sin(θ13) sin(δ) (33)

Pu = (m2
t −m2

c)(m
2
c −m2

u)(m2
t −m2

u) (34)

Pd = (m2
b −m2

s)(m
2
s −m2

d)(m
2
b −m2

d) (35)

M = mass scale (36)

I Take the mass scale as the electroweak scale - O(100 GeV)

I Generates an asymmetry of O(10−17) � than the cosmological observation of

O(10−10)

Thus CP -violation in the quark sector cannot explain the observed

matter-antimatter asymmetry of the universe
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Where is the rest of the CP -violation?

I SM insufficient to describe the BAU

I A large asymmetry requires
I New sources of CP violation
I At higher energy scales

I Where might this be?
I Quark sectors

I Discrepancies with CKM predictions

I Lepton sector
I CP violation in the neutrino sector

I New Physics
I New forces, extra dimensions, lepto-quarks, Z′, W ′±

I Many flavour observables are sensitive to generic additions to the SM
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Prospects for Flavour Physics

I Historically provide evidence before the energy frontier
I GIM mechanism before discovery of charm
I CKM mechanism before discovery of bottom and top
I Neutral currents before the Z
I Electroweak precision before the Higgs

I Very sensitive to loop processes
I Massive virtual particles
I SM contributions heavily suppressed (or not allowed)
I Flavour changing neutral currents
I Penguin decays (CPV from interference between tree and loop)
I Lepton flavour universality
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5. Recap
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Recap

1950 1970 1980 1990 2000 2010 20201960

Parity 
violation 
(1956)

CP violation 
in - meson 
decays (1964)

K0 Observation of 
 ( -quark) 
(1974)

J/ψ c
Observation of 

 ( -quark) 
(1977)

Y b
Top ( -quark) 

discovery 
(1995)

t CP violation 
in - meson 
decays (2001)

B0
CP violation 

in - meson 
decays (2019)

D0
CP violation 

in - meson 
decays (2020)

B0
s

Caibibbo 
mixing 
(1963)

GIM 
mechanism 

(1970)

CKM matrix 
(1973)
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Recap

In this lecture we have covered

I What is (and what is not) flavour physics

I Flavour in the SM

I The Quark Model in the SM
I Isospin
I Strangeness
I Cabibbo Mixing
I The GIM mechanism
I P and CP violation

I The CKM matrix
I CKM parameterisations and hierarchy
I Unitarity triangles
I The Jarlskog invariant and the Matter-antimatter asymmetry
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End of Lecture 1

End of Lecture 1
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