
now for 
something

completely different.



“gauge theories”
a story

introduction
uses of symmetry
gauge principle
weak interactions
critical phenomena
Broken symmetry
Higgs, et al. mechanism all together:

the Weinberg-
Salam Model



we laugh at Kepler now

he believed in a symmetry
built his world around it

for others:
perfect symmetry ruled–circles

are we different?



no



what about Einstein?
He didn’t invent the transformations

done before him.

He didn’t establish the mathematical rigor
done before him.

He derived the results
arguing for an a-priori prejudice about symmetry



field theory
primer



the players

Spin 0 Bosons:     φ
Spin 1 Vector bosons:  Aµ, Bµ, Wµ

Spin 1/2 Fermions:   ψ



use Lagrangians

Lagrange’s Equations 
→ quantum equations of motion
∂µ → ∂/∂xµ



a catalog will suffice



interactions
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particle creation

just like the quantum 
oscillator from 1st year 
quantum mechanics



symmetry in quantum mechanics
Group operations represented by operators, U, 

generated by G
 in a linear vector space of vectors 

If  a system is symmetric wrt U,

|α >

[H, G] = 0



Noether’s Theorem
If  a system has a symmetry

there is an associated conservation law
space translation → momentum conservation, p
time translation → energy conservation, E

Also, for “internal symmetries”
phase transformation → charge conservation, Q



charges and conserved currents

Q plays a dual role: both a “charge”
and the generator of the 
transformation



quantum field theory: 1 slide



I lied...2 slides



a little bit of history...repeating
Soon after general relativity

H. Weyl proposed: 

note: b. is E&M...a. is strange.

space and time can change...all over space and time
he called it a “gauge”

The thing that holds spacetime together? The Photon



Einstein dug it...sorta 

“Your ideas show a wonderful cohesion. 
Apart from agreement with reality, it is at any 
rate a grandiose achievement of mind.”

This early attempt to unify E&M with gravity 
failed.



1927

London revived the idea
Not a scale of spacetime
A phase in quantum fields



first kind: GLOBAL U(1) symmetry



other kind: LOCAL U(1) symmetry



the derivative is trouble
define a new divergence

to cancel the unwanted term

Goal: get the gradient to transform invariantly



one more ingredient



freaking amazing
Turns the utility of

upside down

If  invariance with respect to a local U(1) symmetry 
is, a priori, of  paramount importance:

symmetry

one is forced 
to invent the photon



demanding a symmetry

forces the inclusion of  a spin-1 field

specifies the interaction with spin-1/2 fields



U(1) is good
How about SU(2)?

The project of Yang and Mills in 1954

A local SU(2) symmetry
leads to an isotriplet of spin-1 fields



Yang - Mills Theory

b field is 
still 
massless



close, but notsomuch

one might have hoped that the b might have 
turned out to be the W± Boson

But the weak interaction is short-ranged
and so the W would be heavy

Masslessness of  bμ was a fatal flaw.



weak 
interactions

circa 1960...a primer



Since Pauli and Fermi in 1930s
There had been 

20 years of contradictory experimental results
a beautiful theory–1958 Feynman and Gell-Mann



there were problems:

Massless spin 1: 2 dof...e.g.  L,R polarizations

MassIVE spin 1: 3 dof...e.g.  L,R polarizations 
          + longitudinal polarization

�µ(λ = 0) ∼ kµ

M

hint     :
infinity is associated with 
the longitudinal degree of 
freedom



in E&M...2 photon production:

both graphs required 
because of gauge 
invariance

If you pretend that the photon 
had a mass...
the bad behavior term cancels 
between the graphs



spoiler:

in hindsight: this cancellation can be arranged 
for weak interactions:



E&M is magic
same coupling of  photon to electron & proton:

ditto, weak interactions:



could it be?

that the regal

electromagnetic interaction
might be related

to the rag-tag, ill-behaved, badly-bred 

weak interaction?



many tried:

Schwinger, Salam, Ward, Glashow, Weinberg...
all used Yang-Mills theory
Salam: “dream” of Weak and Electromagnetic 
interaction unification...

masslessness of W always 
blocked progress



critical 
phenomena

circa 1960...a primer





menu
un apéritif 

s  p sfs
une entrée

M F   Gs-L p
le plat principal

F s  x    
le fromage 

Gst 
le dessert 

D B Gs s  x   G.T.
un digestif 

S s  x   



what’s a phase?
a region of  analyticity of  the free energy



latent heat

dGS = dGG dGi = VidP − SidT

dP

dT
=

SS − SG

VS − VG
=

∆S

∆V

=
L

T∆T
latent heat



action in the derivatives

Crucial: the concept of  the symmetry of  the phases



symmetry
due to Pierre Curie, actually:

If there is a symmetry change, 
a Phase Transition has occurred.

high degree of symmetry  ⇒     lack of order

more symmetry operations  ⇒     high entropy

⇒ ⇒

related to higher 
temperatures



the more things are the same

but...plot differently:



2nd order

& no latent heat

1st

2nd



order parameter
Landau and Ginsberg invented a parameter

to measure the order in a system
η(T)   the order parameter
universalizing the study of phase transitions

If  η = 0, then the system is in an ordered phase

If  η ≠ 0, then the system is in a disordered phase

If  η(T) → 0 continuously, the P.T. is second order



here they are:



near TC:
Landau postulated:

a function, L (the Landau Free Energy)...related to G

L(P, T, η) = L0 + β(P, T )η2 + δ(P, T )η4

δ > 0
β > 0 ⇒ T ≥ TC

β < 0 ⇒ T < TC

flipping above and 
below the 
transition



ground state? minimize L

two important things for T < TC:
the ground state energy is lowered
there are multiple ground state configurations



ferromagnetism

Symmetry said to be “spontaneously broken”
Better: symmetry is “hidden”



beautiful example



beautiful example

where did the symmetry go?

It’s still there: inside of the 
ensembles of all potential splashes



here’s another one: Euler



CMP theorists were playing
with these ideas...exploring broken symmetries

Steven Weinberg got a whiff  of  this...
but, he failed to apply it correctly

Because of  the dreaded Goldstone Boson.



Goldstone Theorem
A system which has a spontaneously broken 
symmetry must have massless, Bose-like 
excitations in its spectrum.

There are no spinless, massless particles.
So, Weinberg’s initial attempts failed.

Works great in CMP!

? no...that’s not what magnets do

long wavelength



spin waves

long wavelength, macroscopic, quantizable, 
excitations

with an energy dispersion: 

as q → 0, the energy goes to 0

� = �2S
�

�a

(1 − cos(�q · �a))

� =
�

q2c2 + m2c4 bingo: massless



But...
The Hamiltonian - and the ground state - still 
respect the original symmetry.

If you lived inside of the magnet, 
how would you ever discover that the symmetry of the 
Hamiltonian is SO(3)?

That’s our situation.



proof of the Goldstone Theorem
not here...in the handout

But, the consequences are the following:

But:
what’s the “ground state” of a relativistic 
quantum field?

The vacuum. |0 >
It’s typically simple: it carries the trivial, one-
dimensional representation of all symmetry 
groups.



response of the vacuum to U: 
Two ways:

the normal way:

the condensed matter way:

U(Q)|0 >= |0 >

U(Q) = e−iQθ ⇒ Q|0 >= 0

U(Q)|0 > �= |0 >

Q|0 > �= 0



Remember:
Relativistic quantum fields are operators:

they satisfy an algebra:

take the “vacuum expectation value”...aka “vev”

which says: 

the field φ in the vacuum is non-vanishing!

[Q, φ(x)] = φ�(x) �= 0

< 0| [Q, φ(x)] |0 >=< 0|φ�(x)|0 > �= 0



at first blush? strange.

is full.
φ(x)

Observation of such a thing is a 
trigger for the Goldstone Theorem



Dilute Bose Gas
remember your Stat Mech?

remember the occupation number for bosons?
you treat the ground state differently

ni =
gi

e(�i−µ)/kT − 1

n0

N

T
TC

n0 = N

�
1−

�
T

TC

�3/2
�

Bose-Einstein 
Condensate



problem for a field theory
condensing into the ground state was a head-
scratcher

in field theory–relativistic or non-relativistic–
need to build a particle spectrum from an empty vacuum

a†|0 >= |1 > ⇒ a|0 >= 0

But, this Bose-Einstein Condensate is a full vacuum!



Bogoliubov trick
the way out.  

µ is zero in the condensate

the number operator:

a|0 >N= N1/2|0 >N−1∼ N1/2|0 >N

for large N

N = a†a ∼ ψ̄ψ

∼< 0|ψ|0 > �= 0like:



some broken symmetry
Number operator symmetry is broken 

shift it away

   almost “c-numbers” 

substitute into H

eiλN U |0 >N �= |0 >N

N |0 >N �= 0

a† and a a† ≈ a ≈
√

n0

ψ(x) = vacuum value + χ(x)

χ(x) ∼
�

�k �=0

a�kei�k·�x
< 0|χ|0 >= 0



yadda yadda yadda

a mess...diagonalize with a canonical 
transformation:

the   create and annihilate a new particle spectrum
a quasi particle spectrum



phonons

The Goldstone Boson of  the Bose Gas



multiple things going on

many phenomena 
involve broken 
symmetries
The symmetry is “there”:
hidden, not respected by 
the ground state.

Ground state is full: 
<0| φ |0> = 0
Broken continuous symmetry?
Massless Goldstone Bosons 
must appear.

insert into the model, 
stir...out pops a quasi particle spectrum

Ginsburg Landau 
phenomenology:
identify order parameter-
induce phase transition

shift field operators:
c-number vacuum term + quasi particle operator term



build a toy theory
A relativistic quantum field theory

Jeffery Goldstone, “Field Theories with 
Superconductor Solutions” 1960 

⇒

The symmetry?
reflection symmetry



before the phase transition:

induce the phase transition as 
Landau-Ginsburg

and minimize to find GS:

pick one of  the vacua...

shift & 
build a particle spectrum

phase transition, ala’ L&G



and substitute it back:

Was the Goldstone Theorem violated?
no: this was a discrete symmetry
Goldstone Theorem holds for continuous symmetries

the correct form for a 
massive boson!



do it again...
a 2-component field



do the L-G thing
a  →  -a    in:



gotta pick a direction
to break the symmetry...and build a Bogoliubov-like 
spectrum:



single loophole
Remember Local U(1) symmetries?

the Goldstone theorem: Global symmetries

Remember the routine:



force a phase transformation

and substitute back...



magic



ta-da

The η has disappeared!

no massless bosons

The σ  is still there
but has gained a mass!

The  aµ has disappeared and replaced by αµ

but has gained a mass! mα =
gv√

2

mσ =
�

2aµ2



Higgs Mechanism
the original, massless aµ 

had 2 dof

the original η 
existed as a gradient, ∂µη(x)

The Goldstone boson was “eaten” by the (gradient 
of  the) spin 1 massless field

to become a spin 1 massive field.

Discovered by:
Anderson, Nambu, Englert, Brout, Gilbert, Guralnik, 
Higgs, Hagen, and Kibble around 1964
so naturally called the Higgs Mechanism

together, 
making 3 dof!



that’s superconductivity
Start out with:

2 component, degenerative Boson pair
massless spin 1 vector Boson
so, a local U(1) symmetry is assured–Gauge invariant

Do the Landau-Ginsburg mechanical inducement of 
a phase transition

End up with:
1 massive spin 0 Boson
1 massive spin 1 Boson

Higgs Boson
Makes you think of the W



“superconductivity,” you say?
In a superconductor, the order parameter:

Cooper Pairs–a Bose-like excitation
A breaking of charge invariance

What happens when a magnetic field impinges on a 
superconductor?

It’s quenched within a skin-depth: Meisner Effect.

A Klein Gordon Equation 
for a photon of mass 1/λ



bingo

When an electromagnetic field encounters a 
superconductor

it gains a mass.

That’s where we live: inside a Universal 
Superconductor.

where some “photons” are massive.



the chain of events:

weak 
interactions 
need massive, 
spin 1 W± bosons

Yang-Mills, 
1954

Demand local 
SU(2) gauge 
invariance

get 
massless 
spin 1 
bosons



and so on...

Bose-Gas-like 
doublet scalar 
fields

Higgs et al., 
1964

Ginsburg-
Landau, 
1950

spontaneously 
break that 
LOCAL SU(2) 
gauge 
symmetry

get massive spin 1 
field, Higgs boson, 
no photon

Steven 
Weinberg, 
1967



SU(2) ⊗ U(1)

Weinberg, “A Model of  Leptons” 1967



less than 3 pages.

Gauge SU(2) & U(1)

shift 
and 
vev



really...2 pages.

that’s it.

Citations in the next 4 
years?

something like 3...all 
by Weinberg

Then, all hell broke 
loose in 1979



definitive predictions:
The W exists and the Z exists

The Z would couple everywhere that γ couples

like atoms
like interfering with electron scattering
like “weak neutral currents”

The mass of  the Z is related to the mass of  the W

cosθW =
MW

MZ

�
γ
Z0

�
=

�
cos θW sin θW

− sin θW cos θW

� �
B0

W 0

�

1979

1983

1984
~1990?



    

The	  Standard	  Model	  	  
is	  the	  most	  precise	  
theory	  in	  the	  history	  
of	  physics

pretty	  damn	  good.

The Review of Particle Physics
W.-M. Yao et al., Journal of Physics, G 33, 1 (2006)



1700 1800 1850 18751600

electricity

magnetism

electromagnetism

Newtonian gravity



electromagnetism

1900 1925 1950 1975 2000

relativity

quantum mechanics

nuclear force

weak force

General Relativity

new force?

electroweak

qcd-electroweak
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The	  Standard	  Model	  is	  
also	  a	  model	  of	  the	  
Universe



    

The remaining primordial 

scalar is the Higgs Field.H0

The “Higgs Mechanism”

This...is:



The Higgs Boson 
creates mass

mass may not be an inherent 
property...

but an acquired one



about	  nothing



the	  ac:on

in the 
vacuum



a	  :ny	  ball	  of	  space,	  :me,	  and	  energy
13.7	  Billion	  years	  ago







vacuum

emptyfull



H

Nature	  is	  clumpy

Higgs	  FieldHiggs	  Boson



e-

e-

H

Higgs	  Boson



(after David Miller)

a Higgs 
metaphor
the	  crowd:	  Higgs	  Field



loud	  
laughter



quark-‐Karl-‐Gude



popular





quark-‐Karl-‐Gude	  has	  gained	  iner:a



quark-‐Karl-‐Gude	  has	  mass.



By constraining SM measurements:

{MH < 182 GeV/c2 ; > 114 GeV/c2 } and: MH = 76 +36 -24 GeV/c2



    

SM is a renormalizable 
theory

with issues... Higgs loops. and Gravity.



    

mass corrections

m2(p2) = m2
0 + Cg2

� Λ2

p2
stuff dk2

H (bare) H H

+ +
H (physical)

= ...

m2(p2) ∝ Λ2 That same scale problem as with the               !

~ (102 GeV)2?

~ (1019 GeV)2?

H H



    

2 ways out?

New physics causing a 
cancellation?

Or, the “Higgs” is not 
an elementary particle 
after all

H (bare) H H

+ +
H (physical)

= ...
H H


