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• Ancient Greeks: 
Earth, Air, Fire, Water

• By 1900, nearly 100 elements
• By 1936, back to three particles:
proton, neutron, electron

Eternal question of mankind

High Energy Physics tries to answer 
these  synergy with other fields to 
push back frontiers of knowledge!

It also brings in technological spin-offs.

What principles govern energy, matter, space 
and time at the most elementary level?



Particle zoo
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• There are 12 types of elementary matter particles, we do not know why!
• The heavier elementary particles  existed in nature when the universe was
very hot.
• They can be created in the laboratory by garnering energy, and properties
can be studied in detail.

What lies within?



Fundamental Particles

• Fermions (spin1/2): quarks and leptons
• Boson (integer spin) : carriers of forces

Some of the puzzles we need to resolve:
1. why 3 families of quarks and leptons?
2. the masses  cannot be predicted! 

Mass of the hydrogen atom ~ proton
= 1 GeV/c2 = 10 9 eV/c2

Mass of top quark ~ 175 GeV/c2

Mass of electron ~ 0.5 Million eV/c2

neutrino ~ 0

Masses of carrier particles:
photon mass =0
W/Z mass ~ 80/90 GeV/c2  

No obvious pattern among mass values!

Resolving the issue of 
mass generation is of 

utmost importance today
In High Energy Physics.

1 eV= 1.6*10-19 Joules



BUT MATTER IN THE UNIVERSE IS NEUTRAL, because positive and 
negative charges cancel each other precisely.

THEREFORE:
Gravitation is the dominant force in the Universe

Relative strength of gravitation, weak, electromagnetic, strong 
~10 -40 : 10 -5 : 10 -2 : 1



Current idea about evolution of the Universe 
• Just after the Big Bang, at unimaginably high temperatures,  all 
interactions were merged into some unified interaction. 
Matter and radiation were one.

• As the primordial fireball cooled, radiation and matter separated out.

• The first interaction to separate out was gravity.

• Then strong interactions separated out,  electroweak  interactions
stayed together

• Eventually, as the Universe cooled further, the weak and 
electromagnetic interactions separated out 

• Matter (massive) began to clump together into filaments

• Eventually these condensed into galaxies, stars, planets..



Energy =kT,  Length scale  = hc/E

• Quantum gravity era: t≈ 10-43 s 
1032 K (1019 GeV, 10-34m)

• Grand Unification Era: t ≈ 10-35 s
1027 K  (1016 GeV, 10-32 m)

•ElectroWeak era:  t ≈ 10-10 s
1015 K  (100  GeV, 10-18 m) 

Electromagnetic and Weak forces separate.

•Protons and neutrons formed: t ≈ 10-4 s
1013 K (1 GeV, 10-16 m)

•Nuclei are formed t = 3 minutes
109 K    (0.1 MeV, 10-12 m) 

•Today: t = 13.7 x 109 years
T= 3 K 

Important epochs in the evolution of 
our universe



Unified theory

All behaviour of matter particles can be explained in terms of  few forces 
carried by exchange or carrier particles. unity in diversity



Half-life of tritium should be:
~10-23 s  Strong
~10-15 s Electromagnetic
Actual value:      12 years!

Tritium Beta Decay

Beta decay must be 
due to  a very WEAK 
force,  causing long 
lifetimes
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More on weak interactions

• All matter particles have weak interaction.
• Rate/strength  of weak interaction is very small



Enrico Fermi was the first to write down 
a theory of beta decay (1934)
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Improved theory (1956): 
Intermediate Vector Bosons
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IVB model makes 
sense only in a 
gauge theory 
framework



By the 1940 it was pretty clear that fundamental interactions are 
due to the exchange of virtual particles…

Short-range interactions
are mediated by massive
particles.

Long-range interactions 
are mediated by massless
particles.

Carriers of interactions



•Just as the equation x2=4 can have two possible solutions (x=2 OR
x=-2), so Dirac's equation could have two solutions, one for an
electron with positive energy, and one for an electron with negative
energy.

•Dirac interpreted this to mean that for every particle that exists
there is a corresponding antiparticle, exactly matching the particle
but with opposite charge. For the electron, for instance, there should
be an "antielectron" called the positron identical in every way but with
a positive electric charge.

1928 Dirac predicted existence of antimatter

1932 antielectrons (positrons) found in conversion of energy 
into matter

1995 antihydrogen consisting of antiprotons and positrons 
produced at CERN

Understanding more theoretically



Highlights of 20th century physics

• Special relativity
• General Relativity
• Quantum Mechanic
• Quantum Field Theory
• Standard Model of elementary particles 
and their interactions
 Role of symmetries in physics was recognized 

and utilized in mathematical formulations.
First example of embedded symmetry in physical law:

Newton’s law:

Covariant  under  rotations  F,   a changes 
same way under rotation.

Invariant under  Galilean transformations  F,  a 
does not change.

F = m a 

Mathematics         Physics
•Calculus
•Complex numbers/functions
•Differential geometry
•Group theory
•Hermitian operators, Hilbert space
•….



• A symmetry of a physical system is a physical or mathematical  
feature of the system (observed or intrinsic) that is "preserved" under 
some change  leads to conservation of a property of the system.

• The temperature of a room is invariant under a shift in the measurer's 
position  translational symmetry.

• Symmetry of mathematical functions:  a2c + 3ab + b2c remain      
unchanged under  exchange  of a and b

• Quantum Field Theoretical considerations: E = mc2 allows creation of 
particles, could be a pair as well.

• Connection with experiment: scattering in quantum mechanics:
 time evolution of a system from t = -∞ to its evolution till observed           
time  t= + ∞
 In experiment compare theoretical predictions with measurements.

Understanding the essential



Five fold symmetry

Radial symmetry

Reflection/Bilateral symmetry

Dogma of Symmetry



AHA
Symmetry has practical uses too.

• To correctly balance a load, we 
must  give it symmetric support. 
Otherwise it will collapse.

• Two eyes, symmetrically placed in 
our  face, enable us to judge 
distances. 



To see that we need to define scalar (φ) and vector (A) potentials.

These are related to the electric and magnetic fields via
E = −∇φ − ∂A/∂t  and  B = ∇ × A.

We get the same electric field E and the same magnetic field B , even if 
we change the potentials as :   φ′ =  φ − ∂Λ/∂t

Thus, A′ = A + ∇Λ,  where Λ is a  function of (x, t)

Electromagnetism

• Invariant under Lorentz Transformations

• Have an additional invariance:

Maxwell’s equations: first attempt to 
combine electricity and magnetism 



Gauge Invariance, proposed by Hermann Weyl, is 
the cornerstone of modern day particle physics.

Quantum theory is invariant under constant phase 
transformations of wave function
This symmetry leads to charge conservation.

If the phase is a function of space-time, the phase invariance is lost.

• Introduce the electromagnetic field  (φ, A ) into the theory and 
identify the space-time dependent phase with Λ.
 quantum theory  becomes invariant under space-time dependent 
phase transformations.

also demands existence of a massless vector field: identified as
the photon, the carrier particle of electromagnetic interaction.

Gauge Symmetry



• Gauge symmetry is required to correctly describe the interaction of matter

• Quantum electrodynamics is the most complete and successful  theory.
• The theoretical predictions match very well with experimental  results.
Eg. , fine structure constant measured upto 9 digits after decimal!

• QED obeys charge, parity (handedness) conservation.
• Weak interaction violates parity!  

explanation: only left-handed fermions take part in charged current
weak interaction

• Carriers of weak interaction, W+, W- should couple to photon as
electron does : couplings are universal  unification of two forces

Carriers of weak interaction has to  be massless infinite range 
expected like EM.
Experimentally observed:   weak interaction has short range  the 
carriers must be  massive!

Broken Symmetry?



Conceptual Predicament

Weak interaction carriers are about 100 times massive than a proton!
What happens to the gauge symmetry???

Spontaneous Symmetry Breaking:

• The equations describing the system
are invariant under some symmetry.

• The ground state of a system breaks
the symmetry in the dynamics.

• Close the the ground state, at low 
energy, symmetry disappears (massive W 
boson)  at large distance scale.

•At high energy symmetry reappears
W boson appears massless at  short 
distance scale of ~ 1 fermi (10-13 cm).

Nambu-san made it possible 
to have our cake and eat it

 phase transition



Nambu’s idea was taken up in earnest in 1964 by three groups to invent 
Higgs mechanism for mass generation in weak inetraction:

1. Francois Englert and Robert Brout at Brussels
2. Peter Higgs in Edinburgh
3. Gerald Guralnik, Carl Hagen and  Tom Kibble at London

But the spontaneous symmetry breaking in the Standard Model leads to 
the existence of a massive, spin-0,  elementary particle called the Higgs 

boson, which is yet to be found.

Higgs mechanism and its consequences

Symmetric position is
not the ground state!



Consider a ferromagnet

Interaction has 
rotational symmetry 
i.e. no preferred 
direction

Η = Σ Jij Si . Sj

Ground state (magnetized phase) breaks the symmetry

Real example (Heisenberg 1938)

Coleman’s demon — living inside the ferromagnet —
thinks there is a preferred direction (along B)

Rotational symmetry is recovered on an ensemble of ferromagnets.



The correct gauge symmetry SU(2)xU(1)  had been 
discovered in 1961 by Sheldon Lee Glashow

The idea of merging SU(2)xU(1) gauge theory with the 
Higgs mechanism was first floated around 1966-7 by 
Abdus Salam

The complete, working theory of weak interactions 
was worked out in 1967 by Steven Weinberg

Standard Model of particle physics

Standard Model has been extremely successful in explaining 
all the experimental  observations till date.



All particles in the Standard Model 
acquire mass by interacting with 
the Higgs field…

• Until the Higgs boson is  found, we 
do not really  have full confirmation 
of the  Standard Model.

•We do not also have any good 
theoretical description of nature at 
hand which confirm  experimental 
findings

LHC is built to discover the Higgs particle.
If not found after thorough search, LHC  
Will  observe signatures of 
Spontaneous Symmetry Breaking. My 2nd talk

What we learnt till now
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