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Flavour physics today
The mystery of why we have 3 generations of 
quarks and leptons and what distinguish them, 
is one of the most fascinating and, to a large 
extent, still open problems in particle physics

Cabibbo contribution to this 
field in the early '60 is one 
of the pillars of our present 

understanding of particle physics 

“ordinary matter”



Flavour physics today

 ℒSM  =  ℒgauge (Aa, i)   +   ℒHiggs(, Aa, i )    

Natural 

Experimentally tested with 
high accuracy

Stable with respect to 
quantum corrections 

Highly symmetric

Ad hoc

Necessary to describe data                           
[clear indication of a non-invariant vacuum]  
but not tested in its dynamical form

Not stable with respect to quantum 
corrections

Origin of the flavour structure of the model

Within the Standard Model quark masses and flavour mixing (what “distinguishes” 
the 3 families) originates from (or better “is hidden in”...) the Higgs sector:



 3 identical replica of the basic fermion family

 [   = QL , uR, dR, LL, eR ]  huge flavour-degeneracy

 ℒSM  =  ℒgauge (Aa, i)   +   ℒHiggs(, Aa, i )    

   = QL , uR ,dR ,LL ,eR   i=1..3 i D i   

The gauge Lagrangian is
invariant under 5 independent 
U(3) global rotations for each 

of the 5 independent 
fermion fields

E.g.: QL
i
   Uij

 QL
j

U(1) flavour-independent phase 


SU(3) flavour-dependent mixing matrix
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 [   = QL , uR, dR, LL, eR ]  huge flavour-degeneracy

 ℒSM  =  ℒgauge (Aa, i)   +   ℒHiggs(, Aa, i )    

 Within the SM the flavour-degeneracy is broken only by the Yukawa                  
  interaction:
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The Y are not hermitian  diagonalised by bi-unitary transformations:

VD
+ YD

 UD  = diag(yb , ys , yd)

VU
+ YU

 UU  = diag(yt , yc , yu)
yi =      

2 mqi 

 

mqi 

174 GeV
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YD
  =  diag(yd ,ys ,yb) 

YU
  =  V+ × diag(yu ,yc ,yt)

but the residual flavour symmetry let us to choose a (gauge-invariant) flavour 
basis where one of the two Yukawas is diagonal:

MD
  =  V × diag(yd ,ys ,yb)  

MU
  =  diag(yu ,yc ,yt)

or

  unitary matrix 



To diagonalize also the second mass matrix we need to rotate separately uL & dL  

(non gauge­invariant basis)    V appears in charged-current gauge interactions:

Jw
=  uL

  
 dL  uL

  V
 dL  

 Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrix

_                        _

MD
  =  diag(md ,ms ,mb) 

MU
  =  V+ × diag(mu ,mc ,mt)
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YD

VCKM

YU

N.B.: Don't forget that this non-trivial mixing 
originates only from the Higgs sector 

(Vij  ij if we switch-off Yukawa interactions !)
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VCKM = [
V ud V us V ub
V cd V cs V cb
V td V ts V tb

]
Eliminating the unobservable quark phases, 
we are left with:

N(N-1)/2  3 real parameters (flavour mixing)

N(N+1)/2 - (2N-1) =  (N-2)(N-1)/2    1 
complex phases (CP violation)



Birth and rise of CKM physics

All this seems “quite obvious” these days, but it was highly non-trivial 50 years 
ago, when there was no electroweak theory, no quark model, no charm... 

When the “paricle physics zoo” was confined to a few light and strange hadrons.

I was not there at that time... 

The best I can do to tell you this story is to use the slides that Nicola presented 
two years ago at the CKM 2008 conference.













Those days Cabibbo was at CERN, and was very interested in weak decays, 
both on the experimental/phenomenological side...



Those days Cabibbo was at CERN, and was very interested in weak decays, 
both on the experimental/phenomenological side... and on a more theoretical 
side (the approximate SU(3) invariance of strong interaction had just been 
proposed):

N.B.: before this work several people claimed that the weakness of
S=1 processes could be attributed to strong interactions

















Some key dates in flavour physics:

1964 Discovery of CP violation

1970 GIM (Glashow, Iliopoulos, Maiani):
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1973 Kobayashi, Maskawa:





Some key dates in flavour physics:

1964 Discovery of CP violation

1970 GIM (Glashow, Iliopoulos, Maiani) 

1971 Weinberg paper on SU(2)xU(1)

1973 Kobayashi, Maskawa

1974 Discovery of charm...

....

The work of Cabibbo has been extremely influential, not only within 
flavour physics, but for the whole building of the Standard Model. 

As many other people in our field, I'm strongly convinced that the 
2008 Nobel prize to “KM” without “C” has been a great mistake.



Somebody claims this is because the idea of the “angle” was not totally 
original. In particular, it was proposed first (1962) in a paper by Gell-Mann 
and Levy (GL):

However, there is a tremendous gap between this footnote and the work 
by Cabibbo:

● it is not clear what happens to the other barions
● it is not clear what happens to the overall normalization
● even the relative normalization between n and  is wrong

and indeed there is not a single prediction from GL using this formula....



The key observation behind the work of Cabibbo is the hypothesis that the 
weak current transfroms as an SU(3) octet

R. Barbieri '09



Beside CKM-I

“The Bible”



Beside CKM-II

APE



Beside CKM-III



Beside CKM-IV

President of INFN (1983-1992)

President of ENEA (mid '90s)



What I learned from him

After a long interruption due to the important responsibilities ant INFN 
and ENEA, in the early 2000s Nicola went back to research and 
teaching at “La Sapienza”.

Because of his interest in flavour physics, not only on the theoretical 
side, in 2003 he decided to join the NA48 collaboration and in 
2003/2004 he spent one sabatical year at CERN. 

During this time (2004-2005) I had the pleasure and the honour to 
work with him.



The subject of our collaboration has been the study of the “cusp effect” in K3 
decays, and how to use this effect to make a precise measurement of  phase 
shifts at threshold.

In 2004 the high 
resolution of the 

NA48/2 experiment 
has allowed to observe 

- for the first time - 
a subtle & interesting 

phenomenon
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








or 

at threshold
a0 - a2 

K+







+

As soon as he saw these data, Cabibbo understood the origin of this discontinuity 
in term of a re-scattering effect, and that this effect could have been used to 
determine  phase shifts, at threshold, with high precision

The decay amplitude is an analytic function                    
of  the di-pion invariant mass s = (M)

2 

The existence of a real intermediate state implies a 
discontinuity across the real axis for  s > s0 = (2m)

2

   
T(s+i) - T(s-i)    i (s) VK(s) V(s) (s-s0)

  ~ v(s) ~ s-s0)½

Cabibbo, PRL  '04



  

Why are we interested in  scattering lengths ?

At low energies (E ≪ 1 GeV) QCD is in a highly non-perturbative regime

very difficult to describe the (low-energy) hadronic world                 
in terms of partonic degrees of freedom.  

However... 
the hadronic spectrum is very simple at low energies:                           
only 3 (8) pseudoscalar fields separated by a mass gap                   
from the heavier states

the interactions among the pseudoscalar mesons become                
weak in the limit E  0

Reasonable to expect that QCD can be treated in a perturbative way even at low 
energies with a suitable choice of degrees of freedom:

(q, G)    pQCD 

[ perturbative @ high E ]

()   CHPT 

[ perturbative @ low E ]

Chiral
Perturbation

Theory



Weinberg '79

Gasser &Leutwyler '83

Bijens, Colangelo, Ecker, Gasser & Leutwyler, '99 

Colangelo et al. '01

Within this framework, the S-wave  scattering lengths

   defined, in the I-spin limit, by  TI,I3J,J3
) = 4av(s) I3J3

IJ + O(v)

have a very special role: 

O(p2): am am

O(p4): am±  am±

O(p6): am±  am±

Roy eqs. [ beyond O(p6) ]:     am±  

7m


F


- m


F


1.5 % 
relative 
error !

An almost unique example of a very precise prediction (obtained by means of 
analytic methods), for a truly non-perturbative quantity (from the point of QCD)

a-a) m±



K+










 A full calculation of K  3within CHPT is not 
very useful: 

slow convergece of the chiral expansion (even at 
the two-loop level)

too many free parameters in the sector of weak 
interactions

...but we don't need to compute the full decay amplitude !

possible to perform a systematic expansion in powers of the aI of the amplitudes 

which determine the coefficient of the singularity 

Ad hoc construction which maximize the available experimental info on K  3
and use only:

Unitarity & analyticity ai 

Smallness of the aI

Smallness of v= (s-s0)½
A(s) & B(s) regular around s0

Cabibbo & G.I., JHEP  '05

T(s) = A(s) + B(s) (s-s0)½

Toward a precise theoretical description of the cusp effect 



ReA(s) = O(1) exp. data
ImA(s) = O(aI) one-loop 

ImB(s) = O(aI) one-loop 

ReB(s) = O(aI
2) two-loop 

T(s) = A(s) + B(s) (s-s0)½

K
K

K

relevant 2-loop
topologies: a

b

3

b' 1

2
c

a

b

a'

b'

1

2

3

a

b

c

1

2

3

Analysing the discontinuities of these diagrams, we have determined  
- in powers of the aI up to O(aI

2) - the coefficients of the (s-s0)½  terms in the rate



What I learned from him

Beside the success and the intrinsic interest of this work (the final data, published 
in 2009, have demonstarted the validity of our approach), this has been one of the 
most enjoiable, instructive, and pleasent collaborations I have ever had. 

What I will never forget his the love of Nicola for real data and, most important, 
his “research toward simplicity” in the description of physical phenomena.



What I learned from him

Thanks Nicola !

Beside the success and the intrinsic interest of this work (the final data, published 
in 2009, have demonstarted the validity of our approach), this has been one of the 
most enjoiable, instructive, and pleasent collaborations I have ever had. 

What I will never forget his the love of Nicola for real data and, most important, 
his “research toward simplicity” in the description of physical phenomena.
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