
Week7 
Standard Model-2



Class Schedule
Date Topic

Week 1 (9/22/18) Introduction
Week 2 (9/29/18) History of Particle Physics
Week 3 (10/6/18) Special Relativity
Week 4 (10/13/18) Quantum Mechanics
Week 5 (10/20/18) Experimental Methods
Week 6 (10/27/18) The Standard Model - Overview
Week 7 (11/3/18) The Standard Model - Limitations
Week 8 (11/10/18) Neutrino Theory
Week 9 (11/17/18) Neutrino Experiment
Week 10 (12/1/18) LHC and Experiments
Week 11 (12/8/18) The Higgs Boson and Beyond
Week 12 (12/15/18) Particle Cosmology
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Class Policy

• Classes from 10:00 AM to 12:30 PM (10 min break at ~ 11:10 
AM).


• Attendance record counts.


• Up to four absences


• Lateness or leaving early counts as half-absence.


• Send email notifications of all absences to 
shpattendance@columbia.edu.
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Class Policy

• No cell phone uses during the class.


• Feel free to step outside to the hall way in case of 
emergencies, bathrooms, starvations.


• Feel free to stop me and ask questions / ask for 
clarifications.


• Resources for class materials, Research Opportunities + 
Resources to become a particle physicist 


https://twiki.nevis.columbia.edu/twiki/pub/Main/ScienceHonorsProgram
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Why 

• Do we care about local gauge symmetry?
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Why

• Do we care about local gauge symmetry?
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Why

• Do we care about local gauge symmetry?
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Why

• Do we care about local gauge symmetry?
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Why

• Are there 8 gluons? Not 6 or 9?
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Why
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Why
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Accidental symmetry
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• A rule of thumb (R. Feynman) : a reaction will be observed unless it 

is expressly forbidden by a conservation law. 

• Baryon number B, Lepton number L



• How do we describe interactions and fields mathematically?
• Classically,

Lagrangian L = kinetic energy - potential energy 

L = T - V
• Particle physics:

• Same concept, using Dirac equation to describe free spin-1/2 

particles:

field

About Last week …
Particle/Field formulation



• In particle physics, we define fields like ϕ(x,t) at every point in 

spacetime. 
• These fields don’t just sit there; they fluctuate harmonically about 

some minimum energy state. 
• The oscillations combine to form wave packets. 
• The wave packets move around in the field and interact with each 

other.  We interpret them as elementary particles. 
• Terminology: the wave packets are called the quanta of the field 

ϕ(x,t).

Particle/Field formulation



• The Higgs mechanism is described in terms of the Lagrangian of 

the Standard Model. In quantum mechanics, single particles are 

described by wavefunctions that satisfy the appropriate wave 

equation. 
• In Quantum Field Theory (QFT), particles are described by 

excitations of a quantum field that satisfies the appropriate 

quantum mechanical field equations. 
• The dynamics of a quantum field theory can be expressed in terms 

of the Lagrangian density. Lagrangian formalism is necessary for the 

discussion of the Higgs mechanism.
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Particle/Field formulation



About Last week …

• We got QED Lagrangian from 1 fermion Lagrangian 
(Dirac lagrangian) by accommodating local gauge 
invariance, thus new gauge field A; which is photon field.


• QED : Theory of charged (EM) fermion and photon.
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About Last week …
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Mass function is not gauge invariant, same for weak 
interaction and QCD.



About Last week …
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Mass function is not gauge invariant, same for weak 
interaction and QCD.

What about massive gauge bosons? 



!19

Brian Greene
https://youtu.be/Ni-Lf1y51Dc



Introducing a Scalar Field (Simplified; REAL)

• Consider a scalar field 𝜙 with the potential

• The corresponding Lagrangian is given by



Introducing a Scalar Field (Simplified; REAL)
• The vacuum state is the lowest energy state of the field 𝜙;  

same to the minimum of the potential.
• Two choices of minimum potential, where it is gonna be? 

• -v or +v?  - > Spontaneous symmetry breaking; 

• There was equal chance that ϕ “picks a ground state” 
• (i.e. when the gauge symmetry of a Lagrangian is spontaneously 

broken)



Introducing a Scalar Field (Simplified; REAL)

• The vacuum state is the lowest energy state of the field 𝜙;  same to 

the minimum of the potential
• Two choices of minimum potential, where it is gonna be?
• - > Spontaneous symmetry breaking
• Without losing any generality we can choose positive solution



Introducing a Scalar Field (Simplified; REAL)

• Expanding the lagrangian density around  the minimum,

•



Introducing a Scalar Field (Simplified; REAL)

• Expanding the lagrangian density around  the minimum,

•



V(ϕ) and spontaneous symmetry breaking

• The phenomenon we have just considered is called spontaneous 

symmetry breaking.
• Why symmetry breaking? Our choice of a ground state “breaks" the 

obvious reflection symmetry of the original Lagrangian; The two 

minimum solutions could equally be chosen (the symmetry), one is 

fated to be chosen (broken symmetry)

• What about the spontaneous part?
• The choice of a ground state is arbitrary in this system. There 

is no external agency that favors one over the other, or even 

forces the choice to begin with.



Introducing a complex scalar field

• Consider a complex scalar field 𝜙 with the potential

• The corresponding Lagrangian is given by

• The minumum happens at



Introducing a complex scalar field

• Any point on the bottom circle can be chosen to be the vacuum 

state.
• By writing 

• Lagrangian: 



Introducing a complex scalar field

• Lagrangian: 
• Again, expanding around the vacuum state

• By writing the potential and lagrangian in terms of η and ξ, using 

• Lagrangian becomes,

• With interaction term 



Local gauge invariance again: 
Toy model Higgs mechanism

• Complex scalar with potential

• Local U(1) gauge transformation

• New Gauge field B

• Another way of writing Lagrangian



Local gauge invariance again: 
Toy model Higgs mechanism

• Lagrangian

• Expand around vacuum state

• Lagrangian becomes



Local gauge invariance again: 
Toy model Higgs mechanism

• Lagrangian

• Expand around vacuum state

• Lagrangian becomes

Standard model gauge bosons,  
fermions get mass like this too.



Higgs Mechanism
H
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When ϕ “picks a ground state” (i.e. when the gauge symmetry of a 
Lagrangian is spontaneously broken), all fermion fields and weak bosons 
become massive!   
Physically, the expected massless bosons acquire mass by interacting 
with a newly apparent massive scalar field called the Higgs field. Hence, 
this process is called the Higgs mechanism.



Electroweak unification

• In the end, the SU(2)xU(1) part of the Standard Model is called the 

electroweak theory, because electromagnetism and the weak force 

start out mixed together in this overall gauge symmetry.
• SU(2)xU(1) predicts four massless bosons, which are not apparent at 

everyday energies.
• Analogous to our simple example, the ground state of the 

SU(2)xU(1) theory (where we live) is one in which this gauge 

symmetry is hidden.
• Result: the four massless gauge bosons appear to us as the massive 

W+, W-, Z and the massless photon. The explicit U(1) symmetry of 

QED is preserved.
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Higgs Mechanism

The idea:
A force field that permeates the Universe and slows particles down to 

below the speed of light.  This is the equivalent to having mass.
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Courtesy  of Stefan Spanier  (UT)

Massive Particle

Higgs Field Interaction



The Higgs particle

• Spin-0 particle which gives other particles and massive force 

mediators their mass.

To understand the Higgs 
mechanism, imagine that a 

room full of physicists 
chattering quietly is like space 

filled with the Higgs field ...

The Higgs Mechanism. Source: CERN



The Higgs particle

• Spin-0 particle which gives other particles and massive force 

mediators their mass.

... a well-known scientist walks 
in, creating a disturbance as he 

moves across the room and 
attracting a cluster of admirers 

with each step ...

The Higgs Mechanism. Source: CERN



The Higgs particle

• Spin-0 particle which gives other particles and massive force 

mediators their mass.

... this increases his resistance 
to movement, in other words, 

he acquires mass, just like a 
particle moving through the 

Higgs field...

The Higgs Mechanism. Source: CERN



The Higgs boson discovery

Higgs Boson
Predicted in 1964 and 

discovered at the LHC in 
2012!
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H→𝛾𝛾

H→ZZ*

H→WW*

H→𝝉𝝉

The Higgs Discovery (by ATLAS+CMS)
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H→WW*

H→𝝉𝝉

H→𝛾𝛾

H→ZZ*

The Higgs Discovery (by ATLAS+CMS)



Where can we test the SM?

• Particle physics experiment designed to test specific aspects of SM.
• Major historical experiments:

• @LEP (ALEPH, DELPHI, L3, OPAL): electroweak, QCD
• @Tevatron (CDF, D0): electroweak, QCD, quark mixing

• Major running experiments:
• ATLAS, CMS @LHC





Summary

• SM unites electromagnetic, weak, strong forces.
• SM predicts cross-sections, couplings.
• Latest success: the discovery of the Higgs boson!

• However, SM is not completely satisfactory…:
• 26 free parameters
• Relations between some free parameters are predicted, which 

allow for experimental tests.



Standard model limitation
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https://youtu.be/sw4_9xhGzjo


