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Global Symmetries and mass terms in 

QED
We can rewrite the QED lagrangian that includes 𝑒, 𝜇, 𝜏, as

−
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If we neglect the last term (the mass term), the lagrangian is invariant under a 
global 𝑈(3) symmetry group transformation:

𝑒
𝜇
𝜏

→ 𝑈
𝑒
𝜇
𝜏

Where 𝑈 is an 𝑈(3) matrix. Once one includes the mass term, this symmetry 
group is broken to 𝑈(1)3:

𝑒 → 𝑒𝑖𝛼𝑒𝑒, 𝜇 → 𝑒𝑖𝛼𝜇𝜇, 𝜏 → 𝑒𝑖𝛼𝜏𝜏

This is called family lepton number conservation, and we will see that is also 
present in the Standard Model.



Symmetries of SM Lagrangian (so far)

Without the Yukawa terms, the SM Lagrangian is invariant under the following 

symmetry group:

𝑈(3)5

This is because we can rotate each fermion field (of 3 families) independently.

The SM Lagrangian without the yukawa terms is also CP invariant.

All these symmetries will be (partially) broken b the yukawa couplings.



Yukawa terms: lepton sector
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Yukawa terms: quark sector
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Yukawa terms: quark sector



Surviving global symmetries

 The surviving global symmetries are just the Baryon number 𝐵, lepton number 

𝐿 and lepton family numbers 𝐿𝑖.

 Note that both 𝐵 and 𝐿 are anomalous symmetries, while 𝐵 − 𝐿 is anomaly 

free



GIM mechanism
 At tree level, neutral currents in the SM have diagonal 

couplings, e ҧ𝑒, 𝜇 ҧ𝜇, 𝑢 ത𝑢,…

 At loop level, by exchange of 2 𝑊 one gets corrections to 
neutral currents

 Unitarity of the 𝑉𝐶𝐾𝑀 matrix suppresses the resulting processes

 Example for 𝐾𝐿
0 (𝑠 ҧ𝑑), the diagram is a function of the quark 

mass in the internal line 𝑓(𝑚𝑢,𝑐). The c, 𝑏, 𝑡 were not know at 
the time of formulation of GIM mechanism. The GIM mechanism 
and the postulation of the 𝑐 quark were made to explain the 
rareness of this decay mode.

 So let’s consider just a 2𝑥2 𝑉𝐶𝐾𝑀 matrix, the Cabibbo Matrix. 
The total amplitude is

ℳ = 𝑆𝑖𝑛𝜃𝑐𝐶𝑜𝑠𝜃𝑐(𝑓 𝑚𝑢 − 𝑓 𝑚𝑐 )

 The function 𝑓 is a function that actually depends on 𝑚𝑞
2, and 

that can be expanded in powers of 
𝑚𝑞
2

𝑚𝑊
2 , when this parameter is 

small. As a result, the zero order value of the diagram cancels 
out, and the result is suppressed by a factor 

𝑆𝑖𝑛𝜃𝑐𝐶𝑜𝑠𝜃𝑐
𝑚𝑐
2 −𝑚𝑢

2

𝑚𝑊
2



Charm quark prediction

Rareness of ഥ𝐾0 → 𝜇+𝜇− explained by formulation of GIM mechanism and 

postulation of 𝑐 quark.

The neutral kaon mixing 𝐾0 − ഥ𝐾0 was observed. It appeared that 𝐾0, ഥ𝐾0 were 

not mass eigenstates, i.e. single propagating particles, but rather admixtures of 

2 different particles with very similar mass but very different lifetime:

𝐾𝑆 = 𝐾1 =
1

2
𝐾0 − ഥ𝐾0 , 𝐾𝐿 = 𝐾2 =

1

2
𝐾0 + ഥ𝐾0

𝑀 𝐾𝑆 ≈ 𝑀 𝐾𝐿 ≈ 498𝑀𝑒𝑉, 𝜏 𝐾𝑆 ~0.9 × 10−10𝑠, 𝜏 𝐾𝐿 ~0.5 × 10−7𝑠

The mixture could be of the right size only if 𝑚𝑐~1.5𝐺𝑒𝑉, as the GIM mechanism 

suppression (ignoring the unknown third generation) was

𝑠𝑖𝑛2𝜃𝑐𝑐𝑜𝑠
2𝜃𝑐

𝑚𝑐
2 −𝑚𝑢

2

𝑚𝑊
2



CP violation discovery to postulate the 

third family 

𝐾1 and 𝐾2 had different CP parity. Both particles have negative parity (pseudoscalar 
mesons). The eigenvalue of 𝐶 was different however.

𝐶 𝐾1 = C
1

2
𝐾0 − ഥ𝐾0 =

1

2
ഥ𝐾0 − 𝐾0 = −

1

2
𝐾0 − ഥ𝐾0

𝐶 𝐾2 = C
1

2
𝐾0 + ഥ𝐾0 =

1

2
ഥ𝐾0 + 𝐾0 = +

1

2
𝐾0 + ഥ𝐾0

From the conservation of angular momentum, the decay of a 𝐾 particle to 2 pions led 
to a 2 pion 𝐶𝑃 = + state, and so it is allowed only for 𝐾1

The decay of a 𝐾 particle to 3 pions led to a 3 pion 𝐶𝑃 = − state, and so it is allowed 
only for 𝐾2

𝑚𝐾 − 2𝑚𝜋 = 220𝑀𝑒𝑉,𝑚𝐾 − 3𝑚𝜋 = 80𝑀𝑒𝑉

More energy available was increasing the “phase space” for the 2 pion decay, thus 
helping to explain why 𝐾𝑆 = 𝐾1 had a shorter lifetime



CP violation discovery to postulate the 

third family 

Away from the 𝐾0 production point, 
one expects to have only 𝐾𝐿

The discovery of 𝐾𝐿 → 𝜋𝜋 (1964) led to 
the conclusion of CP violation in the 
SM

This happens because the mass 
eigenstate 𝐾𝐿 and the CP eigenstate 
𝐾2 are not exactly the same, but 
rather 

𝐾𝑆 =
1

1 + 𝜀2
𝐾1 + 𝜀𝐾2

𝐾𝐿 =
1

1 + 𝜀2
𝐾2 − 𝜀𝐾1



CP violation discovery to postulate the 

third family 
CP violation in the SM could not happen with just 2 families. CP violation requires 

the CKM matrix to have an imaginary part, a phase, and we saw that the number 

of phases of a CKM matrix for 𝑛𝐹 families is

(𝑛𝐹 − 1)(𝑛𝐹 − 2)

2

Thus, a third family was required, in order to explain CP violation. This led to the 

postulation of the third family(1973).

The first 2 particles of the third family were discovered in 1975 (𝜏) and 1977 (b).

The discovery of 𝐵0 − ത𝐵0 oscillations (1987) led to the hint that the top quark 

was very massive (if its mass would have been smaller, the GIM mechanism would 

have made such oscillations too weak to be detected at that time.



FCNC suppression in the SM up sector

In general, in the SM, FCNC in the up sector are very suppressed, because the 

smallness of the down quark masses leads to a very efficient cancellation of the 

amplitudes via the GIM mechanism:

𝐶𝐾𝑀 𝑓𝑎𝑐𝑡𝑜𝑟 ×
1

16𝜋2
𝑚𝑏
2 −𝑚𝑠

2

𝑚𝑊
2

The down quark sector is instead the one where the largest FCNC are expected. 

Their size is still small, but not as small as those in the up sector, as the 

suppression factor is in this case

𝐶𝐾𝑀 𝑓𝑎𝑐𝑡𝑜𝑟 ×
1

16𝜋2
𝑚𝑡
2 −𝑚𝑐

2

𝑚𝑊
2

Flavor signatures for BSM physics that are often looked for are 𝑏 → 𝑠𝜇𝜇, 𝑏 → 𝑠𝛾.


