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I.- Origin of masses, mixings and CPV in the SM. GIM & the natural suppression of FCNC.
Universality of interactions.

II.- CKM matrix elements determination

III.- CPV measurements

IV.- Rare decays. Flavor anomalies.

V.- Constraints on NP (EFT approach). (More) Flavor anomalies.

Plenty of wonderful biblio on this
subject, particularly from CERN Schools
by Grinstein, Pich, Neubert, Isidori, etc.

And the PDG reviews.
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I.- Origin of masses, mixings and CPV in the SM. GIM & the
natural suppression of FCNC. Universality of interactions
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This course heavily relies on the 'Field theory & the EW SM' lectures, by Laura Reina. Big complementarity with Nils Tuning's.

Matter representations are labelled according to the SU(3)C,SU(2)L irreps dimensionality and the U(1)Y charge (Q=
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These parts do not act on singlets
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Before SEWSB

After SEWSB, in the mass basis

Neutral Current

Charged Current
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Before SEWSB

After SEWSB, in the mass basis

(Pontecorvo)-Maki-Nakagawa-Sakata matrix(Cabibbo)-Kobayashi-Maskawa matrix

In the SM, UNIVERSALITY is a consequence of the gauge symmetry. Since NC couple the same type of fermions, it is
evident either in the mass or the weak basis for neutral current interactinos (as unitary transformation on
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In the SM, UNIVERSALITY is a consequence of the gauge symmetry. Since NC couple the same type of fermions, it is
evident either in the mass or the weak basis for neutral current interactions (as unitary transformation on
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In addition to the matter irreps & gauge fields given before, one also has the Higgs doublet, whose non-vanishing vev
triggers SEWSB:

Unitary gauge

According to the gauge principle, one must include in the Lagrangian all operators that respect the local gauge symmetry
at the (clasically) renormalizable level (operator energy dimension < 4, natural units). This also allows for the Yukawa-type
interaction:

(
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(



Flavor Physics & CPV CLASHEP2025 Pablo Roig (Cinvestav) 10

On the contrary, for the CC interactions: Before SEWSB

After SEWSB, in the mass basis

(Pontecorvo)-Maki-Nakagawa-Sakata matrix(Cabibbo)-Kobayashi-Maskawa matrix
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On the contrary, for the CC interactions: Before SEWSB

After SEWSB, in the mass basis

(Pontecorvo)-Maki-Nakagawa-Sakata matrix(Cabibbo)-Kobayashi-Maskawa matrix

RH fields)



Flavor Physics & CPV CLASHEP2025 Pablo Roig (Cinvestav) 12

Analogously for
neutrinos, but the
numerical values of the
angles and phase are
quite different. If they
are their own
antiparticles
(Majorana), there is an
additional phase matrix
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The Cabbibbo submatrix is approximately unitary and s13<<s23<<s12<<1, which motivates the Wolfenstein parametrization
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The Cabbibbo submatrix is approximately unitary and s13<<s23<<s12<<1, which motivates the Wolfenstein parametrization

This way, the last eq. is phase-convention dependent, which motivates to use instead (see 15)

so that

and VCKM=VCKM(
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The Cabbibbo submatrix is approximately unitary and s13<<s23<<s12<<1, which motivates the Wolfenstein parametrization

and VCKM=VCKM(
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Unitarity of the CKM matrix should hold if there are no additional heavy quark states (yet to be discovered). In that case:

For j=k (i=k) they check that a given up (down) type of quark only couples to the three known down (up)-type quarks.
These include the test |Vud|2+|Vus|2+|Vub|2=1, the most precise one.

For j
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VudVub*+VcdVcb*+VtdVtb*=0;
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VcdVtd*+VcsVts*+VcbVtb*=0;
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VudVcd*+VusVcs*+VudVcb*=0;



Flavor Physics & CPV CLASHEP2025 Pablo Roig (Cinvestav) 20

GIM & the natural suppression of FCNC

As we saw, SM gauge symmetry (+ unitarity) forbids tree level FCNC. The Glashow-Iliopoulos-Maiani (GIM) mechanism was
introduced to explain the severe suppression of FCNC, which goes beyond the naive expectation for one-loop vs. tree
level, ~ [g2/(4
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GIM & the natural suppression of FCNC
SM gauge symmetry (+ unitarity) forbids tree level FCNC. The GIM mechanism was introduced to explain the severe

suppression of FCNC, which goes beyond the naive expectation for one-loop vs. tree level.

s d

(Subprocess of KL ->



Flavor Physics & CPV CLASHEP2025 Pablo Roig (Cinvestav) 22

GIM & the natural suppression of FCNC
SM gauge symmetry (+ unitarity) forbids tree level FCNC. The GIM mechanism was introduced to explain the severe

suppression of FCNC, which goes beyond the naive expectation for one-loop vs. tree level.

s d

(Subprocess of KL ->



Flavor Physics & CPV CLASHEP2025 Pablo Roig (Cinvestav) 23

GIM & the natural suppression of FCNC
SM gauge symmetry (+ unitarity) forbids tree level FCNC. The GIM mechanism was introduced to explain the severe

suppression of FCNC, which goes beyond the naive expectation for one-loop vs. tree level.

Exercise: Consider, similarly, b -> s
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Testing Universality
Universality was another consequence of SM gauge symmetry, which could also be violated by NP.

Tests involve ratios of observables, so that CKM matrix elements -whose determination will be discussed later- are not
needed in processes including hadrons. Radiative corrections are needed to achieve the precision shown.

Tests g


