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 Quark masses, 6
 Lepton masses, 6
 Neutrino mixing angles, 3+1+(2) dimensionless
 Gauge coupling, 3, dimensionless
 CKM matrices, 4, dimensionless
 𝜃 −vacuum, 1, dimensionless

A total of 12+6+4+1 = 24 (6) parameters. 

If neutrinos were massless, there are 17 parameters.   



 If SM is a natural effective theory, then all dimensionless 
parameters shall be of order 1. 

 However, this is not the case！
 SM is unnatural in many ways.
 For mass parameters,  SM has two scales: 

One is the EW SSB scale, v, which determines the masses of 
quarks and leptons. 

The other is the QCD scale, Λ𝑄𝐶𝐷, which determines the scale 

of the strong-interaction dynamics. 



 QCD scale is determined by the scale-dependence of the 
strong interaction parameter 𝛼𝑠.
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 Λ𝑄𝐶𝐷 ∼ 200 MeV, proton mass is about (3-4) Λ𝑄𝐶𝐷

 QCD scale determines the mass of the protons and neutrons 
and glueballs.  

 QCD scale is in some sense arbitrary. It can be for example on 
the scale of GeV, 10 GeV, 100 GeV… It is determined by 
physics beyond SM model. 



 EWSB scale is determined by the vacuum expectation value 

0 𝜙0 0 = 𝑣/ 2. 
 This sets the scale for lepton and quark masses, and, also the 

masses for W and Z boson, and higgs particle. 
 𝑣 = 246 𝐺𝑒𝑉!
 This scale is also determined by physics beyond SM. 
 This scale not stable, as the higgs particle mass gets quantum 

corrections,

𝛿𝑚2 = 𝛼Λcutoff
2

what is the Λcutoff ? Generally it shall be the Planck scale, 
1019𝐺𝑒𝑉, thus

𝑚𝐻
2 126 𝐺𝑒𝑉2 = 𝑚𝐻0

2 1019𝐺𝑒𝑉2 +
𝛼Λ2(1019 𝐺𝑒𝑉2) fine-tuned by 17 orders 

of magnitude!     Motivation for supersymmetry !



 Quark masses are generated through SSB

 𝑚𝑖 = 𝜆𝑖𝑣/√2

 Ideally, the 𝜆𝑖 shall be of order 1, and quark masses shall be 
on the order of v. however,  the reality is strongly deviated 
from that
m𝑢 = 1.7 − 3.1 MeV, 𝑚𝑑 = 4.1 − 5.7 MeV
ms = 100 MeV, 𝑚𝑐 = 1.3 GeV
mb = 4.2 GeV, 𝑚𝑡 = 173 GeV (𝑡ℎ𝑖𝑠 𝑖𝑠 𝑡ℎ𝑒 𝑚𝑜𝑠𝑡 𝑛𝑎𝑡𝑢𝑟𝑎𝑙)

 For light flavors, QCD has approximate chiral symmetry, which 
is spontaneously broken 

𝑆𝑈 2 𝐿 × 𝑆𝑈 2 𝑅 → 𝑆𝑈 2 isospin

The Goldstone bosons are pions. 
 Heavy quarks (𝑚𝑄 ≫ Λ𝑄𝐶𝐷) lead heavy-quark symmetry.  



 Lepton masses are generally smaller than the quark masses.
 However, the neutrino mass is even smaller. 

The neutrino mass is in general meV! Which differs from the top 
quark mass and the Higgs condensate by 11 orders of 
magnitude.
This raises the question that why 𝜆𝑣 ∼ 10−11‼
It is not know yet that what is the lightest neutrino mass is!
However, the origin of the neutrino mass is not clear. It could 
come from the Majorana origin: seesaw mechanism. 



 Flavor mixing is determined by CKM matrix. 

 The most natural guess for all the matrix elements is order of 
one. 

 However, CKM matrix has a hierarchical structure such that it 
is very close to unit matrix. 

 Wolfenstein parametrization (small 𝜆 = 0.22 expansion)



 In SM, the CP violation manifests only in the CKM matrix. All other 
terms do not admit complex coupling due to hermiticity of the 
theory. 

 However, due to flavor mixing, this effects is reduced by a factor of 
𝜆3 ∼ 10−3, and also when the third generation is involved. 

 First observation of CP violation happens in the neutral kaon decay, 
(Cronin and Fitch, 1980)

𝐾𝐿 → π𝜋, 
 B-factory has produced more CP violations consistent with the 

CKM mechanism -> Nobel prize to Kobayashi and Moskawa (2008)
 This small CP violation will generate a too small neutron EDM

and cannot explain the Baryon number asymmetry in the Universe. 



 Consider 𝐾0 𝑑  𝑠  𝐾0
 𝑑𝑠 mixing

All three generations contribute to the mixing. 
 For the mass difference, 𝑚𝐾𝐿

− 𝑚𝐾𝑆
,the dominate 

contribution comes from  the intermediate charm quark, 
after considering the quark masses and CKM matrix!

 However, for the indirect CP violation parameter, 𝜖, its 
contribution is mainly from imaginary part of the diagram, 
which is dominated by top quark! 



 Flavor structure and CP violation is very difficult to describe in 
new models! 

 No flavor-changing neutral current

 Flavor changing structure is highly organized  (eg, 𝜇 → 𝑒𝛾)

 CP violation is small. 

 This is no natural starting point for any new model. As such, 
most of the new models will generate

 A democratic flavor process

 Flavor-changing neutral current  process

 Large CP violation 



 Theta-angle is a new term is the QCD lagrangian,

𝐿 = 𝜃
𝑔2

32𝜋2 𝐹𝜇𝜈  𝐹𝜇𝜈

 It is a total derivative term which is important only when the 
gluon fields have non-trivial topology (instanton)

 It is correlated with the overall phase of the quark mass 
matrix.

 It violates T and P
 It will generate neutron electric dipole moment (EDM). The 

current limit on the neutron EDM moment  (10−26𝑒 𝑐𝑚)
thus, we have the constraint 

𝜃 < 10−10

Why it is so small? How to relax this? Peccei-Quinn symmetry? 



 Why the electroweak scale is so small compared with Planck 
scale? 

 Why the quark and lepton masses have such large 
differences?

 Why flavor structure and CP violation are so peculiar? 
 Why the theta parameter is so small? 
 Why there are 3 generations? 
 Why there appears a coupling constant unification? 
 Why the baryon number violation is so small?
……



 However, the SM has been tested so precisely….



 At high-energy, the QCD coupling is 
small. Therefore, one can use 
perturbation theory to calculate  
high-energy scattering process.

 Factorization theorems



 Non-perturbative QCD dynamics includes the structure of the 
proton and neutron. 

 The only way to solve the QCD non-perturbatively is on a 
Euclidean lattice QCD. High precision calculations. 



 Assuming the quark masses, Higgs masses and QCD coupling, 
we have three parameters related to electroweak theory

 Couplings g and g’

 Higgs vev, v

 Better parameters to use is the 

 Fine structure constant 𝛼𝑒𝑚

 Fermi decay constant GF

 Mass of Z particle, Mz



 Mostly involving leptons and inclusive quarks. (excluding 
almost all weak interaction processes involving hadrons) 

 Low-energy observables
 Precision flavor physics
 Z-pole (LEP-I and LEP-II)

electron-positron collisions
at the Z-mass and above 



When the LEP collider started operation in August 1989 it 
accelerated the electrons and positrons to a total energy of 
45 GeV each to enable production of the Z boson, which has a 
mass of 91 GeV.[1] The accelerator was upgraded later to enable 
production of a pair of W bosons, each having a mass of 80 GeV. 
LEP collider energy eventually topped at 209 GeV at the end in 
2000. At a Lorentz factor ( 𝛾= particle energy/rest mass = [104.5 
GeV/0.511 MeV]) of over 200,000, LEP still holds the particle 
accelerator speed record, extremely close to the limiting speed 
of light. At the end of 2000, LEP was shut down and then 
dismantled in order to make room in the tunnel for the 
construction of the Large Hadron Collider (LHC)

http://en.wikipedia.org/wiki/GeV
http://en.wikipedia.org/wiki/Z_boson
http://en.wikipedia.org/wiki/Large_Electron%E2%80%93Positron_Collider#cite_note-1
http://en.wikipedia.org/wiki/Lorentz_factor
http://en.wikipedia.org/wiki/Large_Hadron_Collider


 Effective Interactions to one-loop accuracy







 CDHS and CHARM at CERN
 CCFR and NuTeV at Fermilab
 Deep-inelastic neutrino scattering on isoscalar target

Consider various ratios to minimize the uncertainty 

The NuTeV final result
sin2𝜃𝑊 = 0.2277 ± 0.0016
Which is 3𝜎 higher than SM prediction. 



 Polarized electron-D DIS, 

 Parity-violating quasi-elastic scattering  on D (C2u-C2d)
 Weak charges

 Electrons, PV moller scattering, QW(e) = -2C2e

 Proton,  PV scattering on proton, QW(p)= -2[2C1u + C1d]

 Nucleus, Atomic PV, QW(Z, N) = -2[(2Z+N)C1u + (Z+2N)C1d]





 𝑏 → 𝑠𝛾 very sensitive to new physics. 
 𝜏 lepton decay, extraction of 𝛼𝑠 from the lifetime and leptonic

decay width.
 Muon g-2:

 There is a 3𝜎 discrepancy





 Total Width, Γ𝑍
 Partial Widths, Γ 𝑙  𝑙 , Γ ℎ𝑎𝑑𝑟𝑜𝑛 ,

 Γ 𝑖𝑛𝑣 = Γ𝑍 − 3Γ 𝑙  𝑙 − Γ(ℎ𝑎𝑑𝑟𝑜𝑛)

 𝑅ℓ = Γ(ℎ𝑎𝑑𝑟𝑜𝑛)/Γ 𝑙  𝑙 (ℓ = 𝑒, 𝜇, 𝜏)

 𝑅𝑏,𝑐 = Γ(𝑏 𝑏, 𝑐  𝑐)/Γ ℎ𝑎𝑑𝑟𝑜𝑛

 Polarization asymmetry (net polarization of fermion in decay)

 Forward and backward asymmetry with and without Pol.















 Rho –parameter: 

 S, T, U parameters.

 Z’ particles



 Multiple Higgs fields, 

 Non-degenerate SU(2) multiplets

 Global fits:   











 SM parameters show strong fine-tuning.
 Agreement between SM and date is impressive. 
 New physics from precision electroweak physics shows little 

sign!


