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General remarks

Please ask questions

I will tell you things that you know. But if you do not
know them, ask...

Do your “homeworks”

I will cover only the main ideas. For details look at
reviews and books

Some great references
Y. Nir, hep-ph/0510413
Branco, Lavora, and Silva, CP violation (book)
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Outline

1. First lecture
The SM (or how we built models)
The flavor sector of the SM

2. Second lecture
Meson mixing and decays
CP violation

3. Third lecture
Measurements of CP violation
The big picture (how all this related to HEP...)
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What is HEP?
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What is HEP

Very simple question

L = ?
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What is HEP

Very simple question

L = ?

Not a very simple answer
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Basics of model building

L = ?

Axioms of physics

1. Gauge symmetry

2. representations of the fermions and scalars (irreps)

3. SSB (relations between parameters)

Then L is the most general normalizable one
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Remarks

We impose Lorentz symmetry (in a way it is a local
symmetry)

We assume QFT (that is, quantum mechanics is also
an axiom)

We do not impose global symmetries. They are
“accidental,” that is, they are there only because we do
not write NR terms

The basic fields are two components Weyl spinors

A model has a finite number of parameters. In principle,
they need to be measured and only after that the model
can be tested
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A working example: the SM

Symmetry: SU(3)C × SU(2)L × U(1)Y

irreps: 3 copies of QUDLE fermions

QL(3, 2)1/6 UR(3, 1)2/3 DR(3, 1)−1/3

LL(1, 2)−1/2 ER(3, 1)−1

SSB: one scalar

φ(1, 2)+1/2 〈φ〉 =

(

0
v/
√

2

)

⇒ SU(2)L × U(1)Y → U(1)EM

This model has a U(1)B × U(1)e × U(1)µ × U(1)τ global
symmetry
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Then Nature is given by...

the most general L

L = Lkin + LHiggs + LY ukawa

Kinetic terms give rise to the gauge interactions. The
Gauge interactions are universal (better emphasis
that!). 3 parameters, g, g′ and gs
The Higgs part gives the vev and the Higss mass. 2
parameters. I will not discuss this part

Yukawa terms: Hψ̄LψR. This is where flavor is. 13
parameters
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Yukawa terms

Y L
ij

(

L̄L

)

i
φ (ER)j + Y D

ij

(

Q̄L

)

i
φ (DR)j + Y U

ij

(

Q̄L

)

i
φ̃ (UR)j

The Yukawa matrix, Y F
ij , is a general complex matrix

After the Higss acquires a vev, the Yukawa terms give
masses to the fermions. Also, after the breaking we can
talk about UL and DL, not about QL

If Y is not diagonal, flavor is not conserved (soon we
will go over the subtleties here)

If Y carries a phase, CP is violated (soon we will
understand). C and P is violated to start with
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CP violation

A simple “hand wave” argument of why CP violation is given
by a phase

It is all in the +h.c. term

Yij

(

Q̄L

)

i
φ (DR)j + Y ∗

ji

(

D̄R

)

j
φ† (QL)i

Under CP

Yij

(

D̄R

)

j
φ† (QL)i + Y ∗

ji

(

Q̄L

)

j
φ (DR)i

CP is conserved if Yij = Y ∗
ij

Not a full proof, since there is still a basis choice...
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The CKM matrix

It is all about moving between bases...

We can diagonalize the Yukawa matrices

Ydiag = VLY V
†
R, VL, VR are unitary

The mass basis is defined as the one with Y diagonal,
and this is when

(dL)i → (VL)ij(dL)j , (dR)i → (VR)ij(dR)j

The couplings to the photon is not modifies by this
rotation

Lγ ∼ d̄iδijdi → d̄iV δijV
†d ∼ d̄iδijdi
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CKM, W couplings

For the W the rotation to the mass basis is important

LW ∼ ūiδijdi → ūiV
U
L δijV

D†
L d ∼ ūiVCKMdi

where
VCKM = V U

L V D†
L

The point is that we cannot have YU , YD and the
couplings to the W diagonal at the same basis

In the ass basis the W interaction change flavor, that is
flavor is not conserved
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CKM: Remarks

VCKM = V U
L V D†

L

VCKM is unitary

The CKM matrix violates flavor only in charge current
interactions, for example, in transition from u to d

Vus ū sW
+,

In the lepton sector without RH neutrinos V = 1 since
V ν

L is arbitrary. This is in general the case with
degenerate fermions

When we add neutrino masses the picture is the same
as for quarks. Yet, for leptons it is usually not the best to
work in the mass basis
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FCNC

FCNC=Flavor Changing Neutral Current

Very important concept in flavor physics

Important: Diagoal couplings vs univeral couplings
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FCNC

In the SM there is no FCNC at tree level. Very nice since in
Nature FCNC are highly suppressed

Historically, K → µν vs KL → µµ

The suppression was also seen in charm and B

In the SM we have four neutral bosons, g, γ, Z, h. Their
couplings are diagonal

The reasons why they are diagonal, and what it takes to
have FCNC, is not always trivial

Of course we have FCNC at one loop (two charged
current interactions give a neutral one)
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Photon and gluon tree level FCNC

For exact gauge interactions the couplings arep always
diagonal. It is part of the kinetic term

∂µδij → (∂mu+ iqµ)δij

Symmetries are nice...
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Higgs tree level FCNC

The Higgs is a possible source of FCNC. With one
Higgs doublet, the mass matrix is align with the Yukawa

Lm ∼ Y v d̄LdR Lint ∼ Y Hd̄LdR

With two doublets we have tree level FCNC

Lm ∼ d̄L(Y1v1 + Y2v2)dR Lint ∼ H1d̄LY1dR

There are “ways” to avoid it, by imposing extra
symmetries
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Z exchange FCNC

For broken gauge symmetry there is no FCNC when:
“All the fields with the same irreps if the unbroken
symmetry also have the same irreps in the broken part”

In the SM the Z coupling is diagonal since all q = −1/3
RH quarks are (3, 1)−1/3 under SU(2) × U(1)

What we have in the couplings is

d̄i (T3)ij dj → d̄ V (T3)ij V
†dj , V T3V

† ∝ I if T3 ∝ I

Adding quarks of different irreps generate tree level
FCNC Z couplings

It is the same for new neutral gauge bosons (usually
denoted by Z ′)

Y. Grossman Flavor physics (1) Bautzen, Germany, June 21, 2009 p. 19



A little conclusion

In the SM flavor is the issue of the 3 generations of
quarks

Flavor is violated by the charged current weak
interactions only

There is no FCNC at tree level. Not trivial, and very
important

All flavor violation is from the CKM matrix

Y. Grossman Flavor physics (1) Bautzen, Germany, June 21, 2009 p. 20



Parameter counting
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How many parameters we have?

How many parameters are physical?

“Unphysical” parameters are those that can be set to
zero by a basis rotation

General theorem

N(Phys) = N(tot) −N(broken)

N(Phys), number of physical parameters
N(tot), total number of parameters
N(broken), number of broken generators

Without the new terms the global symmetry is large,
and the new terms break part of it. It is the breaking
that can be “used” to find a batter basis
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Example: Zeeman effect

A hydrogen atom with weak magnetic field

The magnetic field add one new physical parameter, B

V (r) =
−e2
r

+Bẑ

But there are 3 total parameters

V (r) =
−e2
r

+Bxx̂+Byŷ + Bz ẑ

The magnetic field break the symmetry SO(3) → SO(2)

2 broken generators, can be “used” to define the z axis

N(Phys) = N(tot) −N(broken) ⇒ 1 = 3 − 2
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Back to the flavor sector

Without the Yukawa interaction, a model with N copies of
the same field has a U(N) global symmetry (the symmetry
of the kinetic term). It has N2 generators

First example, leptons in the “old” SM: L,E

One Yukawa matrix: NT = 18

Global symmetries: U(3)2, 18 generators

Exact accidental symmetries: U(1)3, 3 generators

Broken generators due to the Yukawa: NB = 18− 3 = 15

Physical parameters: NP = 18 − 15 = 3. They are the 3
charged lepton masses
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Two generations of quarks

Qi, Di, Ui, i = 1, 2

Do it yourself...
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Two generations of quarks

Qi, Di, Ui, i = 1, 2

Do it yourself...

NT = 2 × 8 = 16

NG = 3 × 4 = 12

NU = 1

NB = 12 − 1 = 11

So we have
NP = 16 − 11 = 5

4 masses and 1 mixing angle
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The SM flavor sector

Back to the SM with three generations

NT = 2 × 18 = 36

NG = 3 × 9 = 27

NU = 1

NB = 27 − 1 = 26

NP = 36 − 26 = 10

6 quark masses, 3 mixing angles and one CPV phase

Remark: The broken generators are 17 Im and 9 Re.
We have 18 to “start with” so the physical ones are
18 − 17 = 1 and 18 − 9 = 9
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Homework

Consider a model with the same gauge symmetry and SSB
as in the SM. The fermions, however, are

QL(3, 2)1/6, SL(3, 1)−1/3, QR(3, 2)1/6, SR(3, 1)−1/3

What is the spectrum of this model? That is, what are
the quarks after SSB. Note that you can also have “bare
masses” in this model. Also, there is no flavor index

How many physical parameters there are, and what are
they?

Are there W exchange flavor changing interactions?

Is there tree level-FCNC in this model?
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The CKM matrix
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The flavor parameters

The 6 masses. We kind of know them. There is a lot to
discuss, but I will not do it in these lectures

The CKM matrix has 4 parameters
3 mixing angles (the orthogonal part of the mixing)
One phase (CP violating)

Thus we concentrate on trying to find ways to
determine the CKM mixing angle and phase
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The CKM matrix

LW =
g√
2
ULV γ

µDLW
+
µ + h.c.

V =





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





CKM is unitary
∑

VijV
∗
ik = δjk

Experimentally, V ∼ 1. Off diagonal terms are small

Many (infinite) ways to parametrize the matrix
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CKM parametrization

The standard parametrization




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13





where cij ≡ cos θij and sij ≡ sin θij.

In general there are 5 entries that carry a phase

Experimentally: (will explain later how these
measurements were done)

|V | ≈





0.97383 0.2272 3.96 × 10−3

0.2271 0.97296 4.221 × 10−2

8.14 × 10−3 4.161 × 10−2 0.99910




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The Wolfenstein parametrization

Since V ∼ 1 it is useful to expand it

V ≈







1 − λ2

2
λ Aλ3(ρ− iη)

−λ 1 − λ2

2
Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1







One small parameter λ ∼ 0.2, and three that are roughly
O(1)

As always, be careful (unitarity...)

Note that to this order only V13 and V31 have a phase
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The unitarity triangle

A geometrical presentation of V ∗
ubVud + V ∗

tbVtd + V ∗
cbVcd = 0

γ

α

βu
t

c

Rescale by the c size and rotated
Aλ3 [(ρ+ iη) + (1 − ρ− iη) + (−1)] = 0

(0, 0) (1, 0)

(ρ̄, η̄)

γ
α

β
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Where are we?

The SM is about measuring all the parameters and
using more measurements to check it

Flavor physics is: Make 4 measurements and from the
5th on we check the model

But it is a bit more exciting...
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The NP flavor problem
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The flavor problems

“Problem” is not a problem. It is a hint for something
more fundamental

The SM flavor problems
Why there are 3 generations?
Why the mass ratios and mixing angles are small
and hierarchical?

The NP flavor problem is different
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The SM is not perfect...

We know the SM does not describe gravity

At what scale it breaks down?

We parametrize the NP scale as the denominator of an
effective higher dimension operator. The weak scale is
roughly

Leff =
µ eνν̄

Λ2
W

⇒ ΛW ∼ 100 GeV

The effective scale is roughly the masses of the new
fields times unknown couplings

Flavor bounds give Λ & 104 TeV
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Flavor and the hierarchy problem

There is tension:

The hierarchy problem ⇒ Λ ∼ 1 TeV

Flavor bounds ⇒ Λ & 104 TeV

Any TeV scale NP has to deal with the flavor bounds

⇓
Such NP cannot have a generic flavor structure

Flavor is mainly an input to
model building, not an output
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Summary

The SM flavor sector is minimal
FCNC only at one loop and thus suppressed
CPV from one source

In general NP give too large correction to this picture

Flavor physics is a way to look for physics beyond the
SM

We need to measure flavor parameters in many ways to
look for discrepancies
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