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Theorem 2: In the quarks, all flavor violations reside in the weak 

charged-current amplitude proportional to a unitary matrix

=Vi jA with                                VV
+ = 1

ui = (u,c, t)
W

d j = (d,s,b)

The 3 Theorems of the flavour sector
(in spite of the many parameters in     )L

+!i"i j! jh+h.c.
(the 2nd line of page 1)

Theorem 1: Neglecting !-masses,            and       are separately 

conserved (and CP is exact in the lepton sector)

Le,Lµ L!
*

Theorem 3: Neglecting !-masses, CP is violated in as much as 

V is “intrinsically” complex, i.e. a single phase " is nonzero

*

(*with some qualifications - see below)



Theorem 3: Neglecting !-masses, CP is violated in as much as* 

V is “intrinsically” complex, i.e. a single phase " is nonzero

so that:

Proof:                                  

1. Under a CP transformation                                  

ψ(x, t)→ iγ2γ0ψ(−x, t)∗

Aµ(x, t)→−Aµ̃(−x, t)
Zµ(x, t)→−Zµ̃(−x, t)
W +

µ (x, t)→−W−
µ̃ (−x, t)

h(x, t)→ h(−x, t)

(a Lorenz index with a ~ requires an overall extra - sign if it is a space index)

!Ga
µ"G

a
#$%

µ"#$
*neglecting                         where # is a parameter which may 

be set to 0, maybe by a dynamical mechanism (the axion?)                  

particle(p,s)→ antiparticle(−p,s)



Counting “intrinsic” phases:                        

2. Using the previous rules, the overall                                  L is unchanged*                                  

 under a CP transformation, except for 

gW+
µ ū!µVd+gW−

µ d̄!µV
+u⇒ gW−

µ d̄!µV
Tu+gW+

µ ū!µV
∗d

N(phys.phases) = n2− n(n−1)
2

− (2n−1) =
1

2
(n2−3n+2)

N(On×n) =
n(n−1)
2

N(Vn×n) = n
2

⇒
n 2 3 4

angles 1 3 6

phys.
phases

0 1 3

2n quark phases                      
U(1)B

! !

Q.E.D.

L(x, t)→ L(−x, t) S =
Z

d4xL(*actually: so that is unchanged)



CP-violating observables

$ In order of increasing dimensionality (= decreasing relevance):             

dim 5:  quarks Electric Dipole Moments

⇒ dneutron(SM)≈ 10−31e · cm
dneutron(exp)≤ 6 ·10−26e · cm≈ 10−11 e

2mN

againstde(SM)≈ 0[

de(exp) = (0.07±0.07)10−26e · cm≈ 10−16µB]

Which operators can give rise to observable CP-violation?            

Useful to “integrate out” the heavy particles (t, W, Z) to obtain                        

Le f f
an           and repeat the logic just applied to the full SM Lagrangian            

dd

drdr

ujui

Figure 7: A 2 loop diagram contributing to the electric dipole moment of the d-quark.

We are therefore led to consider terms in the effective Lagrangian of dimension greater than
4. At dimension 5, an operator of key interest is

LDM = eµqe
iδ(q̄LiσνµqR)Fνµ + h.c., (6.11)

where q is either a up or a down quark, µ is a real parameter of dimension of mass−1, Fνµ is the
electromagnetic field strenght and δ is a phase with the left and right components of the quark
field, qL, qR, defined in such a way that the corresponding mass term in the effective Lagrangian,
mq q̄LqR + h.c., is real. Since under CP (see Appendix E)

q̄LiσνµqR → −q̄Riσµ̃ν̃qL, (6.12)

LDM violates CP if δ is different from zero.
It is a simple matter to obtain from (6.11) the corresponding scattering amplitude from a static

electromagnetic field in the non relativistic limit for the quark spinors. If ξ and ξ′ are the non
relativistic spin wave functions of the initial and final quark states, one gets

iMDM = ieµqξ
′+(cos δ

σ

2
· B + sin δ

σ

2
· E)ξ (6.13)

where B and E are the static magnetic and electric fields in Fourier space. The first term in the
right-hand-side of (6.13) is a magnetic moment interaction, present also in the non relativistic
limit of the standard dimension-4 interaction term, whereas the second term, only present for
δ #= 0, is a CP violating interaction with the electric field through an electric dipole moment

dE = e sin δµqS, (6.14)

where S is the spin of the quark. [ Problem 6.2.1: Prove eq. (6.13)] An electric dipole moment for
the quarks u or d gives rise to an electric dipole moment for the neutron of roughly similar order.
Such an intrinsic dipole moment for the neutron has been searched for with negative results so
far, so that currently

dE(neutron) ≤ 6 · 10−26e · cm. (6.15)

This bound is well above the expected theoretical value of the neutron electric dipole moment,
which can be estimated as follows. No LDM with non vanishing δ is generated from a one loop
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(a low energy experiment is insensitive to “short distance” physics) 

with µ/m complex   µq̄L!µ"qRF
µ"+mq̄LqRLe f f =



CP-violating observables (continued)

dim 6:  FCNC               interactions (q̄q)(q̄q)

Consider, e.g., strangeness changing interaction

A relative phase between:

L (∆S !=0)
e f f = L (∆S=2)

e f f +L (∆S=1)
e f f +L (∆S=1;semilept.)

e f f +h.c

L (∆S=2)
e f f = A(s̄LγµdL)(s̄LγµdL)

L (∆S=1)
e f f = ΣqBq(s̄LγµdL)(q̄γµq)

L (∆S=1;semilept.)
e f f = ΣlCl(s̄LγµdL)(l̄γµl)

sd

ds

ujui

Figure 6: A quark diagram contributing to the sd̄ → s̄d transition.

Observable elementary process exp. error theor. error

εK s̄d → d̄s 1% 10 ÷ 15%
K+ → π+ν̄ν s → d ν̄ν 70% 3%
K0 → π0ν̄ν s → d ν̄ν 1%

∆mBd b̄d → d̄b 1% 25%
ACP (Bd → ΨKS) b̄d → d̄b 5% < 1%

Bd → Xs + γ b → s + γ 10% 5 ÷ 10%
Bd → Xs + l̄l b → s + l̄l 25% 10 ÷ 15%
Bd → Xd + γ b → d + γ 10 ÷ 15%

Bd → l̄l bd̄ → l̄l 10%
Bd → Xd + l̄l b → d + l̄l 10 ÷ 15%

∆mBs b̄s → s̄b < 1% 25%
ACP (Bs → Ψφ) b̄s → s̄b 1%

Bs → l̄l bs̄ → l̄l 10%

Table 3: List of calculable Flavour Changing Neutral Current processes. The blank boxes are
because of absence of data so far.

by computer calculations of QCD on a lattice. A more serious difficulty is when the transition in
question is not even reliably calculable at the quark level.

To illustrate this kind of problems, consider the Flavour Changing Neutral Current transition
sd̄ → s̄d with a change of two units of strangeness, or ∆S = 2. This transition gives rise to the
mixing between the K0 and the K̄0 (or to the measured mass splitting between the neutral-kaon
mass-eigenstates) as well as to the first measured CP violation effect, always in the neutral kaon
system (See the next Lecture). At the quark level it is approximately induced by the loop diagram
of Fig. 6. The approximation is in the fact that this diagram must be dressed by gluon exchanges
among the quark lines with a strong coupling constant gS that is perturbative only if the typical
momentum flowing in the loop is large enough relative to a typical hadronic scale. This becomes
therefore the key question to examine.

The amplitude corresponding to the diagram of Fig. 6 with the external momenta set to zero
is given by

M =
ig4

2

∫
d4k

(2π)4
DµνDσρ(d̄LγµSγρsL)(d̄LγνSγσsL) (5.13)
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Bq2. the      themselves   

3. A and any the    Cl

1. A and any of the Bq

q = u,d

l = e,!,"

is genuine and gives in principle an observable effect

ms̄LsR

(!(A) " 2!(B))



Case 1 (indirect) !K ⇒ "S= 2/"S= 1

(The 2# system in an S-wave is a CP eigenstate because of Bose statistic)

|η+−|≡ |A(KL→ π+π−)
A(KS→ π+π−)

| = (2.236±0.007)10−3

|η00|≡ |A(KL→ π0π0)
A(KS→ π0π0)

| = (2.225±0.007)10−3

δK =
Γ(KL→ π−l+ν)−Γ(KL→ π+l−ν̄)
Γ(KL→ π−l+ν)+Γ(KL→ π+l−ν̄)

= (3.32±0.06)10−3

|εK| = (2.232±0.007)10−3

CP H CP−1 "= HIt follows that

and that              are not quite the same as            of lecture 6, but rather      KL,KS K1,K2

|KL,S >=
1√

|p|2 + |q|2
(p|K0 > ±q|K̄0 >)

|q
p
| = |1− εK

1+ εK
| "= 1



!′
K

⇒ "S= 1Case 2 (direct)

1− |η00/η+−| = (5.01±0.78)10−3

⇒ CP-violations also observed in $B=2/$B=1 and in $B=1

Case 3 not observed so far (                      )KL→ π0 +νν̄

Re(ε′K/εK) = (1.66±0.26)10−3

Case 1 (indirect)

sin2β = 0.696[+0.017−0.029]

dΓ/dt(B̄d(t)→ ψKS)−dΓ/dt(Bd(t)→ ψKS)
dΓ/dt(B̄d(t)→ ψKS)+dΓ/dt(Bd(t)→ ψKS)

= sin2βsin(∆m t)

Case 2 (direct)

Γ(B̄d → K−π+)−Γ(Bd → K+π−)
Γ(B̄d → K−π+)+Γ(Bd → K+π−)

=−0.095±0.013

η00 = εK −2ε′K η+− = εK + ε′K

and in other channels as well



The Flavour Precision Tests 2

⇒⇒
sd

ds

ujui

Figure 6: A quark diagram contributing to the sd̄ → s̄d transition.

Observable elementary process exp. error theor. error

εK s̄d → d̄s 1% 10 ÷ 15%
K+ → π+ν̄ν s → d ν̄ν 70% 3%
K0 → π0ν̄ν s → d ν̄ν 1%

∆mBd b̄d → d̄b 1% 25%
ACP (Bd → ΨKS) b̄d → d̄b 5% < 1%

Bd → Xs + γ b → s + γ 10% 5 ÷ 10%
Bd → Xs + l̄l b → s + l̄l 25% 10 ÷ 15%
Bd → Xd + γ b → d + γ 10 ÷ 15%

Bd → l̄l bd̄ → l̄l 10%
Bd → Xd + l̄l b → d + l̄l 10 ÷ 15%

∆mBs b̄s → s̄b < 1% 25%
ACP (Bs → Ψφ) b̄s → s̄b 1%

Bs → l̄l bs̄ → l̄l 10%

Table 3: List of calculable Flavour Changing Neutral Current processes. The blank boxes are
because of absence of data so far.

by computer calculations of QCD on a lattice. A more serious difficulty is when the transition in
question is not even reliably calculable at the quark level.

To illustrate this kind of problems, consider the Flavour Changing Neutral Current transition
sd̄ → s̄d with a change of two units of strangeness, or ∆S = 2. This transition gives rise to the
mixing between the K0 and the K̄0 (or to the measured mass splitting between the neutral-kaon
mass-eigenstates) as well as to the first measured CP violation effect, always in the neutral kaon
system (See the next Lecture). At the quark level it is approximately induced by the loop diagram
of Fig. ??. The approximation is in the fact that this diagram must be dressed by gluon exchanges
among the quark lines with a strong coupling constant gS that is perturbative only if the typical
momentum flowing in the loop is large enough relative to a typical hadronic scale. This becomes
therefore the key question to examine.

The amplitude corresponding to the diagram of Fig. ?? with the external momenta set to zero
is given by

M =
ig4

2

∫
d4k

(2π)4
DµνDσρ(d̄LγµSγρsL)(d̄LγνSγσsL) (5.13)
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⇒

⇒
⇒
⇒

(       = CP-violating measurements)⇒
(     not included because of uncertain matrix element)ε′

K

All agreeing with the SM (~2000!)

A remarkable list of calculable loop effects, with virtual Ws
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(only using CP-violating measurements)

VudV ∗
ub +VcdV ∗

cb +VtdV ∗
tb = 0

in particular:VV
+ = 1

a non degenerate triangle = CP violation 



VV
+ = 1

(the angle # has no 

physical meaning) 

represented in the
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 = CP violation (see below)
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(only using CP-conserving measurements)

in particular:

complex plane as:
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The overall fit

The CKM description of flavour proven right



A summary of the present status

1 - We know the SM works quantitatively in the full 

quark sector  (A major change in the  2000’s)                          

3 - We know all the 10 parameters in the quark sector (6

+3+1) and 7 (3+2+2) out of the 10/12 (6 +3 +1/3) in the 

lepton sector (but no hard theory for them)

2 - If there are other degrees of freedom at the Fermi scale 

carrying flavour  (e.g. the s-fermions), unlikely that there 

be no extra flavour phenomena observable at some level



The persistent flavour puzzle

Many attempts

Can one claim any real success?


