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Long History of  Particle Physics Development
Standard Model of Particle Physics

A theory of matter and forces.
Point-like matter particles (quarks and leptons), 
which interact by exchanging force carrying particles: 
Photons, W± and Z, gluons
Particle masses are generated by Higgs Mechanism

The last particle in SM
Higgs was discovered in 2012
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Review: Schrodinger Equation
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Ref. Griffiths Ch. 7



Review: Klein-Gordon Equation
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Ref. Griffiths Ch. 7



Review: Dirac Equation (1)
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γν =4x4 Dirac matrix
See next page

Ref. Griffiths Ch. 7



Review: Dirac Equation (2)
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Ref. Griffiths Ch. 7



Review: Classical Electrodynamics
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In classic electrodynamics, E and B fields produced by a charge density
ρ and current density j are determined by Maxwell equation.

Field strength tensor 

Lorentz invariant Lagrangian and eq. 



Review: EM Wave Equations
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(Can be derived from source less Maxwell Eqs)

(no interactions)



The Standard Model Framework
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Massless gauge fields

Higgs field

mix

Massive W, Z

Massless γ

Higgs boson

Theory is based on two principles:
o Gauge invariance (well tested with experiments over 50 years)

Combines Maxwell’s theory of electromagnetism, Special Relativity and 
Quantum field theory

o Higgs Mechanism (mystery in 50 years until Higgs discovery in 2012)

Electroweak theory



Symmetries and Gauge Invariance

• Often the symmetries are 
built in Lagragian density 
function, L = T – V

• Equation of motion (physics 
law) can be derived from 
Lagrangian

Symmetry Conservation Law
Translation in time Energy
Translation in space Momentum
Rotation Angular momentum
Gauge transformation Charge
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Examples



Electron Free Motion Equation

𝛾𝛾𝜇𝜇 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 4 × 4 𝑚𝑚𝐷𝐷𝑚𝑚𝐷𝐷𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚

𝜓𝜓 − 𝑚𝑚𝑒𝑒𝑚𝑚𝐷𝐷𝑚𝑚𝐷𝐷𝑒𝑒𝑒𝑒 𝑤𝑤𝐷𝐷𝑤𝑤𝑚𝑚 𝑓𝑓𝑓𝑓𝑒𝑒𝐷𝐷𝑚𝑚𝐷𝐷𝑒𝑒𝑒𝑒 4 componebts

Applying Euler-Lagrange equation to obtain 
the equation of motion:

𝜕𝜕𝜇𝜇
𝜕𝜕𝐿𝐿

𝜕𝜕(𝜕𝜕𝜇𝜇 �𝜓𝜓)
−

𝜕𝜕𝐿𝐿
𝜕𝜕 �𝜓𝜓

= 0

(ref. Ch. 7, and 10, Griffiths book)
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Le here is an electron free 
motion Lagragian function 
(i.e. no interaction).

The electron wave function 
phase transformation will 
not change the equation of 
motion of the electron –> 
symmetry transformation

The corresponding 
conservation law is that the 
electron charge is 
conserved

(In nature unit)



The Idea of Gauge Invariance
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e is the charge, 
EM interaction 
strength

“Local” Gauge 
transformations 
of electron wave 
function and 
gauge field

Comment:
Gauge invariance naturally introduces the interaction into the Lagrangian function (theory)

1/25/2019



Gauge Invariance Requires Massless Gauge Boson
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The First Gauge Theory - Quantum Electrodynamics 
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• Describes all interactions of light with matter, and those of charged particle with one another. 
• Because the behavior of atoms and molecules is primarily electromagnetic in nature, all of atomic 

physics can be considered a test laboratory for the theory.
• Precision tests of QED have been performed in low-energy atomic physics, high energy collider 

experiments and condensed matter system. 

coupling

µ



Running EM Interaction Coupling
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αQCD increases as 
energy increases

1/ αQCD vs. Log(-Q2 ) 
measurement at L3 
experiment at CERN LEP

Vertex coupling constant αQED:

𝛼𝛼𝑄𝑄𝑄𝑄𝑄𝑄 =
𝑚𝑚2

4𝜋𝜋𝜖𝜖0ℏ𝐷𝐷
=

1
137

= 0.0073

Higher-order diagrams



Experimental Test of QED

• g-2 of the electron and fine structure constant
g/2 = 1.001 159 652 180 85 (76)
A precision better than one part in a trillion (ppt)
α−1 = 137.035 999 070 (98) 
A precision better then one part in a billion (ppb)

• g-2 of the muon
aµ(Exp) = (g-2)/2 = 0.001 165 920 89(63) (ppm)
aµ(SM)  = (g-2)/2 = 0.001 165 918 28(49) 
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On anomalous magnetic dipole moment a = (g-2) / 2 



Theoretical & Experimental Status of aµ
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• QED/EW uncertainties are tiny, e.g.
– Recent calculation to 5th order in α contributes 5x10-11 to aµ

– Known Higgs mass reduces error on EW from 2 to 1x10-11

• Error dominated by hadronic terms
– HVP can be determined from e+e-  hadrons data

– HLBL smaller overall error, but calculation model-dependent

Source Value (aµ x 10-11) Error
a) QED 116 584 718.95 0.08
b) EW 154           1
c) HVP 6850.6 43

d) HLBL 105 26

Summary (aµ x 10-11)

aµ
(EXP) 116 592 089(63)

aµ
(SM) 116 591 828(49)

aµ
(EXP)- aµ

(SM) 261(80)  3.3σ
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Gauge Theory: From QED to QCD

ei

ej

gij

Single 
photon

Eight gluons

αQED αsNon-Abelian 
extension of QED

∇ ∇ + i e A

QED gauge transform

1 vector field
(photon)

QED:  scalar charge e 

∇ ∇ + i α λi  Gi

QCD gauge transform

eight 3x3 SU(3)
matrices

8 vector fields
(gluons)

QCD triplet color charge: er
eb
eg



Gauge Theory of Strong Interactions
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R-Value:  A Prediction of the Quark Model

R
≡

µ-

e+

e-

µ+

hadrons-e

e+

q-

q

σ

σ flavor
color

= 
Σ

Qf
2

lowest
order ( ) ( ) ( ) 3

22
3
12

3
12

3
2 =++=

Measurement shown that above R-value must be multiplied by 3 (number of color charge)

Only consider u, d, s quarks (experiment at e+e- colliders)



R-value Measurements in e+e- Collisions

Compilation by: L. Paoluzi Acta Physica Polonica B5, 829 (1974)

2/3

Ecm
e+ e-

Ecm

hadrons
R



Vacuum Polarization QED vs QCD

2nf

11CA

in QCD: CA=3, & this dominates
αs increases with distance

QED

QCD
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QED:  
photons have no charge. 

Coupling decreases at 
large distances (lower E).

QCD: 
gluons carry color charges. 

Gluons interact with each 
other. Coupling increases 
at large distances.



QCD Running Coupling Constant (αs)
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αs(Q)

Asymptotic Freedom
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• When two quarks become separated, at some point it is more energetically 
favorable for a new quark/anti-quark pair to spontaneously appear out of  
the vacuum, than to allow the quarks to separate further. 

• When quarks are produced by particle accelerators, we never see the 
individual quarks in detectors, but jets of  many color-neutral particles 
(mesons and baryons) clustered together fragmentation. 

• Fragmentation is one of  the least understood processes in particle physics.

Fragmentation - Physics with Jet
From quark to jet

As already discussed:
Strong force is like a 
‘spring’ – at longer 
distance (lower energy) 
it becomes stronger)

Observed in experiment

Presenter
Presentation Notes
The color force favors confinement because at a certain range it is more energetically favorable to create a quark-antiquark pair than to continue to elongate the color flux tube. This is analogous to the behavior of an elongated rubber-band.



A Di-jet Event Recorded by ATLAS Detector
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A di-jet event recorded during 2017, with mjj = 9.3 TeV  



EM and Weak Force Unification
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Cannot describe the massive 
weak force carriers without 
breaking the symmetry !
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Neutrinos are Left-handed



The Electroweak Theory 
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Note:
q’ - weak interaction Eigen states
q - mass Eigen state

q and q’ are connected by CKM
matrix, will discuss late

Sometimes, people write q’ as q

𝜈𝜈𝑒𝑒
𝑚𝑚 𝐿𝐿

𝜈𝜈𝜇𝜇
𝜇𝜇 𝐿𝐿

𝜈𝜈𝜏𝜏
𝜏𝜏 𝐿𝐿

𝑓𝑓
𝑑𝑑𝑑 𝐿𝐿

𝐷𝐷
𝑚𝑚𝑑 𝐿𝐿

𝑚𝑚
𝑏𝑏𝑑 𝐿𝐿

• Left-handed weak-isospin doublets  (only left-handed neutrinos are observed)

• Idealization that neutrinos are massless (no right-handed neutrino is observed)

• Universal strength of the (charged-current) weak interactions

• Based on SU(2)L x U(1)Y symmetry  (Here, L: left-handed, Y: hypercharge)



Electroweak Interactions of Leptons
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(Example: the first generation of lepton only)

• Left-handed fermions SU(2)L doublets, right-handed fermions SU(2)L singlets:

𝐿𝐿 ≡ 𝜈𝜈𝑒𝑒
𝑚𝑚 𝐿𝐿

𝑅𝑅 ≡ 𝑚𝑚𝑅𝑅
o Weak Hypercharge YL=-1, YR = -2

o Gell-Mann-Nishijima connection: Q = I3 +𝟏𝟏
𝟐𝟐
Y

• Gauge Fields introduced by SU(2)L x U(1)Y symmetry transformation invariance:

o Weak isovector 𝑩𝑩𝝁𝝁, 𝐷𝐷𝑒𝑒𝑓𝑓𝑐𝑐𝑒𝑒𝐷𝐷𝑒𝑒𝑐𝑐 𝑐𝑐: gauge transformation 𝐵𝐵𝜇𝜇𝑙𝑙 → 𝐵𝐵𝜇𝜇𝑙𝑙 −𝜀𝜀𝑖𝑖𝑖𝑖𝑙𝑙 𝛼𝛼𝑗𝑗𝐵𝐵𝜇𝜇𝑖𝑖 −
1
𝑔𝑔
𝜕𝜕𝜇𝜇𝛼𝛼𝑙𝑙 ,

o Weak isoscalar 𝑨𝑨𝝁𝝁, 𝐷𝐷𝑒𝑒𝑓𝑓𝑐𝑐𝑒𝑒𝐷𝐷𝑒𝑒𝑐𝑐 𝑐𝑐𝑑:

• Gauge Field Tensor: 𝐹𝐹𝜇𝜇𝜇𝜇𝑙𝑙 = 𝜕𝜕𝜇𝜇𝐵𝐵𝜇𝜇𝑙𝑙 − 𝜕𝜕𝜇𝜇𝐵𝐵𝜇𝜇𝑙𝑙 + 𝑐𝑐𝜀𝜀𝑗𝑗𝑖𝑖𝑙𝑙𝐵𝐵𝜇𝜇
𝑗𝑗𝐵𝐵𝜇𝜇𝑖𝑖,  

𝐴𝐴𝜇𝜇 → 𝐴𝐴𝜇𝜇 − 𝜕𝜕𝜇𝜇𝛼𝛼gauge transformation

𝑓𝑓𝜇𝜇𝜇𝜇 = 𝜕𝜕𝜇𝜇𝐴𝐴𝜇𝜇 − 𝜕𝜕𝜇𝜇𝐴𝐴𝜇𝜇

SU(2)L

U(1)Y



EW Interaction of Lepton Lagrangian
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BUT, weak interaction force carries, W+, W- and Z are massive!

Note:

Massless gauge boson

Massless fermions



Redefine EM interaction and coupling
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𝑊𝑊𝜇𝜇± =
𝑏𝑏𝜇𝜇1 ∓ 𝑏𝑏𝜇𝜇2

2

𝑍𝑍𝜇𝜇0 =
−𝑐𝑐′𝐴𝐴𝜇𝜇 + 𝑐𝑐𝑏𝑏𝜇𝜇3

𝑐𝑐2 + 𝑐𝑐𝑑2

𝐴𝐴𝜇𝜇 =
𝑐𝑐 𝐴𝐴𝜇𝜇 + 𝑐𝑐𝑑𝑏𝑏𝜇𝜇3

𝑐𝑐2 + 𝑐𝑐𝑑2

𝐷𝐷𝑚𝑚𝑓𝑓𝐷𝐷𝑒𝑒𝑚𝑚: 𝑐𝑐′ = 𝑐𝑐 tan𝜃𝜃𝑊𝑊

EM Interaction  𝓛𝓛𝑨𝑨−𝒍𝒍 =
𝒈𝒈𝒈𝒈𝑑

𝒈𝒈𝟐𝟐 + 𝒈𝒈𝑑𝟐𝟐
�𝝍𝝍𝜸𝜸𝝁𝝁𝝍𝝍𝑨𝑨𝝁𝝁

From SU(2)xU(1)  bosons (𝑏𝑏𝜇𝜇1, 𝑏𝑏𝜇𝜇2, 𝑏𝑏𝜇𝜇3,𝐴𝐴𝜇𝜇 ),𝐷𝐷𝑒𝑒𝑑𝑑 𝐷𝐷𝑒𝑒𝑓𝑓𝑐𝑐𝑒𝑒𝐷𝐷𝑒𝑒𝑐𝑐𝑚𝑚 (𝑐𝑐,𝑐𝑐′)

Redefine to get physical 
gauge bosons



Redefine Weak Interaction and Coupling

32

Re-define weak coupling sin2θW

(Note, e, ν represent 
electron and neutrino 
wave functions in L)



In 1973, it came the observation of neutral current interactions 
as predicted by electroweak theory. 

The huge Gargamelle bubble chamber photographed the 
tracks of a few electrons suddenly starting to move, seemingly 
of their own accord. This is interpreted as a neutrino interacting 
with the electron by the exchange of an unseen Z boson. The 
neutrino is otherwise undetectable, so the only observable 
effect is the momentum imparted to the electron by the 
interaction. 

Discovery of the Neutral Current (1973)

33

e e

Presenter
Presentation Notes
http://public.web.cern.ch/public/en/research/Gargamelle-en.htmlhttp://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TVN-470WK3J-16T&_user=99318&_coverDate=09%2F03%2F1973&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000007678&_version=1&_urlVersion=0&_userid=99318&md5=1aa1208befc879489474e3c00e375524&searchtype=a



Gargamelle was the name of the 
particle detector used to make this 
discovery at the Proton Synchrotron 
accelerator. It was a large bubble 
chamber, a type of particle detector 
that uses a pressurized transparent 
liquid to detect electrically charged 
particles passing through it.

Named after the mother of Gargantua
(the giant in the story by François 
Rabelais), Gargamelle measured 4 m 
long with a 2 m diameter, weighed 1000 tonnes, and contained 18 tonnes of liquid 
Freon. It was made especially for detecting neutrinos. These particles have no charge, 
and would leave no tracks in the detector, so the aim was to reveal any charged 
particles set in motion by the neutrinos and so reveal their interactions indirectly. 

On display at CERN

Gargamelle Bubble Chamber

34

Presenter
Presentation Notes
http://public.web.cern.ch/public/en/research/Gargamelle-en.html



Indirect evidence of Z:  Z-γ interference:
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e

e

e

e
µ

µ

µ

µ

Z

γ

Before the Z boson discovery

Forward/backward asymmetry 



Charged Current Interaction Weν

36

W
l (e, µ, τ)

ν (νe, νµ, ντ)

Universal strength 



Electroweak Interactions of Quarks

37

Use the first generation of quarks, the 2nd and the 3rd generation should be the same



Is the Quark Interaction the Same as Leptons?  
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𝜈𝜈𝑒𝑒
𝑚𝑚 𝐿𝐿

𝜈𝜈𝜇𝜇
𝜇𝜇 𝐿𝐿

𝜈𝜈𝜏𝜏
𝜏𝜏 𝐿𝐿

W
l (e, µ, τ)

ν (νe, νµ, ντ)

𝑓𝑓
𝑑𝑑 𝐿𝐿

𝐷𝐷
𝑚𝑚 𝐿𝐿

𝑚𝑚
𝑏𝑏 𝐿𝐿

W+
u (c)

�̅�𝑑 (�̅�𝑚) W+

t
bonly

≈

𝐺𝐺𝑒𝑒𝑒𝑒𝑑𝑑 𝑓𝑓
𝑑𝑑 𝐿𝐿

 Better 𝑓𝑓
𝑑𝑑𝑑 𝐿𝐿

Universe strength 
d’ = d cosθc + s sinθc, cosθc = 0.9736+-0.0010
θc quark mixing angle, Cabibbo angle
Quark weak interaction and mass Eigen states 
are not the same  CMK matrix Vij

No lepton and quark flavor change 
neutral currents have been observed!

Z
e

µ

Vij gccgcc

Lepton charged current Quark charged current



CKM Matrix
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The CKM Matrix Parameters

40



CKM Matrix and Weak Force

41



Three Left-handed Doublets in SM

42

After discovery of bottom quark and tau-lepton, three generations of Fermions included in SM
Only massive particles have right-handed SU(2) singlets (experiments only observed left-handed ν)

Weak interaction Eigen states – not the same as quark mass Eigen states –> CKM matrix

𝑑

𝑑

𝑑



Questions
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t

b

W

gweak

The probability of top quark decay to b quark is 
(gweakx0.99914)2  (where 0.99914 = Vtb)

What is the probability of ts +W, and t  d+W ?

What is the probability of cs +W*, and c  s+W* ?

What is the probability of bc +W*, and b  u+W* ?

……

Weak coupling



Properties of W boson
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Properties of Z boson
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Summary: the Standard Model

46



Test the Theory

• Discovery of new particles predicted by the 
theory

• Measure the production cross sections 
(event rates) for different process and to 
measure the predicted kinematic 
distributions – normally the differential cross 
sections (cross section will be discussed) 
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Successful Predictions of  EW Theory

48



Electroweak Theory Tests

49



Test of SU(2)L x U(1)Y Structure at LEP

50

Non-Abelian triple-gauge 
boson coupling (WWZ) 



Precision Test of EW Theory at LHC
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Generate Masses by Symmetry Breaking 
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UM Professor Veltman
(Nobel Prize 1999)

Described History at a 
Higgs Lecture at the 

Physics Dept. of Michigan

The use of a field in the vacuum to generate masses 
was first published by Schwinger in 1957.
.
Anderson (1958) discussed massive quantum 
electrodynamics as perceived in superconductivity. 

This led Higgs-Brout-Englert (1964-1967) to their work, 
which is the use of a field in the vacuum to give mass to 
vector bosons.

In 1968 Kibble worked this out in a non-abelian model 
of vector boson with a mass due to the Higgs system. 
Weinberg (1968), knowing the work of Kibble, used the 
correct group as proposed by Glashow (1961) in a 
theory of weak interactions of leptons.

Renormalizability for gauge theories with vector boson 
masses generated through a vacuum field was proven in 
1971 (Veltman+’t Hooft).



Symmetry Law Need Not Imply Symmetric Outcome
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Spontaneous Symmetry Breaking
1964 - 1968

54



Spontaneous Symmetry Breaking

Introduced a field with a special potential; 
Field equations have same symmetry as 
gauge theory

If µ2 < 0, then spontaneous symmetry 
breaking --Continuously degenerate ground 
state at non-zero field. The minimum of 
potential at

55

µ2 > 0 µ2 <0

Every ground state 
breaks the symmetry!



Higgs Mechanism

 Higgs boson massive; self-interaction

One of the LHC goal

Insert to



Higgs Mechanism

W, and Z become massive; & interacting with H

W,Z

W,Z

H

Generate masses for weak 
interaction bosons



Generate Fermion Mass

58

The first term is the mass term:

H

Lepton
quarks

Anti-lepton, 
anti-quarks

𝒈𝒈𝒆𝒆 ∝𝒎𝒎𝒆𝒆



What is the difference between gauge couplings and 
Yukawa couplings?

No self-interactions

Self-interactions

Interaction with gauge fields

What are the forms of gauge transformations?  Which leads no mass terms can be included in Lagarangion
Question: what is the gauge couplings? Are they universal or non-universal? If Yukawa couplings universal?



Higgs Discovery with 4l and γγ Inv. Mass

60

𝑚𝑚4𝑙𝑙 = (𝐸𝐸1𝑙𝑙 + 𝐸𝐸2𝑙𝑙 + 𝐸𝐸3𝑙𝑙 + 𝐸𝐸4𝑙𝑙)2−(𝑐𝑐1 + 𝑐𝑐2 + 𝑐𝑐3 + 𝑐𝑐4)2

𝑚𝑚2𝛾𝛾 = (𝐸𝐸1
𝛾𝛾 + 𝐸𝐸2

𝛾𝛾)2−(𝑐𝑐1 + 𝑐𝑐2)2

Invariant mass calculation using measured energies and momenta
of the lepton (or photon); we plot the inv. Mass spectra. Statistic test to see if data is 

consistent with background 
only model.
-- Higgs boson signal made 
> 5σ deviations from the 
background only model



Statistical Significance in Terms of σ

It’s a question that arises 
with every major new 
finding in science: What 
makes a result reliable 
enough to be taken 
seriously? The answer 
has to do with statistical 
significance.

The unit of measurement usually given when talking about statistical significance is the 
standard deviation (σ). The term refers to the amount of variability in a given set of data: 
whether the data points are all clustered together, or very spread out.

If a data point is a few standard deviations away from the model being tested, this is strong 
evidence that the data point is not consistent with that model.

Criteria in particle discovery is 5σ deviations from the background only model

Normal distribution
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Free parameters in SM

62

In SM, mν = 0. 
But in recent years experiment, we discovered ν oscillation 𝒎𝒎𝝂𝝂 ≠ 𝟎𝟎 ! 

(See before two pages for detail)

Fermion masses, not explained in SM



SM Shortcomings
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Φ
Φ

→
+ → +

∝ ∝ 

Consider a generic 2 2 process with beam particle a and target 
particle b:    

The number of scatterings per unit time   with 
: the beam particle flux (particles per unit area per

a b

a

a b a' b'

N , N N
 unit time);     

: the number of target particlesbN

• The most important quantity to describe a scattering (also 
called “collision” or “reaction”) process is the “cross section” (σ).

• It is a yardstick of  the probability of  a reaction between the two 
colliding particles

Introduction to Cross Section

64



Φ
number of scatterings per unit time     (uniform beam)

beam particles per unit time per unit area  target particles
number of scattering per unit time 

beam particles per unit time  target p

a b

Nσ
N

=
⋅

=
×

=
×



  (uniform target)
articles per unit area

The proportional constant is the cross section 

For the collisions of  two hard balls, it 
is the geometric cross sectional area

where R1 and R2 are radii of  the
beam and target balls. 

( )2
1 2σ π R R= +

Cross Section

65



• The cross-section is a physical quantity with the dimension of  area;

• It is determined by physics (the interaction that causes the 
scattering) and is independent of  specific experimental design;

• The commonly used unit is barn (b) defined as 

24 2 3 61 10 10 10 b =  cm ;  1 mb =  b;   1 b =  b, ....μ− − −

In reality, only a faction of  all the scatters are detected since most 
of  the detectors do not cover the entire solid angle. In this case, 
we measure the differential cross-sections such as

( ) ( )
Ω Φ Ω Ω
σ σσ θ σ θ= = =

⋅

21     ...
 



a b

d dN d, ,E ,
d N d dE d

Cross Section
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Standard cross section unit:  [σ] = mb, nb, pb, fb, …

In natural unit: [σ] = GeV-2 with the conversion

2 21 GeV 0 389 mb     or    1 mb 2 57 GeV. .− −= =

Cross Section

67



Hard scattering Cross Sections
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pp



High-energy p: broadband unseparated 
beam of quark, anti-quark, gluons
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Cross Section Measurement
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Cross Section Measurement Uncertainties
• Assume Lumi (L), Acc (A) and estimated background (B) are 

independent. Error propagation gives the relative systematical 
uncertainty expression:

∆𝜎𝜎
𝜎𝜎

= ∆𝐿𝐿
𝐿𝐿

2
+ ∆𝐴𝐴

𝐴𝐴

2
+ ∆𝑁𝑁𝐵𝐵

𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑁𝑁𝐵𝐵

2

• The static uncertainty can be estimated with the Poisson 
distribution; for large number of observed events, N, the related 
uncertainty should be just 1

𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑁𝑁𝐵𝐵

• Likelihood fit method is used in final cross section extraction
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Questions
• What are the gauge symmetry groups under which the theory is invariant under symmetry transformation? 

How many force carrier particles in the SM? What are their masses?
• What is the charged current? Can you provide an example? What is the neutral current? Can you provide an 

example?
• Can quark change the flavor in charged current interactions? How about in neutral current interactions?
• What is the W and Z decay width? From which, can you derive the life-time of the W and Z bosons?
• Can you estimate what is the branching fraction of Wµν ? If the fractions for W decays to electron+ν or 

tau+ν are the same?
• Why the CKM matrix needs to be introduced to the SM? Do we know its origin?
• How the masses are generated in the SM? Are the interaction strength of the Higgs boson to all the massive 

particles universal?
• What are the mass values of neutrinos in the SM? Can Higgs mechanism generate neutrino mass?
• Do we fully understand the electroweak symmetry breaking mechanism? Why or why not?
• What is the Higgs field potential shape (V(Φ) vs. Φ)?  How to test it experimentally?
• What is the most interesting particle physics question that could be addressed in next 10 - 20 years?
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G-2 Experiment ( at BNL and Fermilab)
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1. Inject polarized muon source 2. γ=29.3 µ allow E-field vert. focusing

3. µ spin precession relative to momentum in 
cyclotron is directly proportional to aµ



G-2 Experiment ( at BNL and Fermilab)
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4. Highest energy decay electrons emitted when spin and momentum vectors parallel

ωa and eB are the two 
quantities to be measured 



Parton Distribution Functions Literature
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