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

• What is the world made up of? 
• How does it work?
•What is mass (Newton’s unfinished business)
•Why there is no antimatter in the universe?
•What is matter like within first seconds of the Big Bang?

Embarrassing situation in science: What is 96% of the Universe made
up of? 

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

Eternal Questions of mankind
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Study physics laws of first moments after Big Bang
increasing Symbiosis between Particle Physics,
Astrophysics and Cosmology
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Dimensions in Physics

We have already probed a
distance scale of about 10-18 m 
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The probe wavelength should be smaller than the 
distance scale to be probed.

Essential tool: Microscope
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What lies within…?

Need a higher energy probe.

How do we go about it? Planning for it started 20 years back!
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We have already probed upto 10 -18 m

Required energy
To probe further 

(1 TeV = 1012 electronVolt
= 1.6 * 10 -7 Joule) 



The LARGE HADRON COLLIDER (LHC)

•Presently, LHC provides energy upto 8 TeV,  equivalent to the kinetic energy of a fly!

•One of the fastest race tracks: protons zipping past with 99.999999% of
velocity of light around 27 km of LHC ring 11000 times/sec.

Marvel of technology:
•100-150 m under the surface
• 27 km at 1.9 K (super-fluid Helium)
• Vacuum ~ 10-13 Atm.
• SuperConducting coils: 12000 tonnes/7600 km 

•Temperature generated at LHC due to proton-proton collision~1016 0c, 
compare with sun: 5506 0c, a matchstick: 250 0c

• LHC  machine to be maintained at -271 0c
vs. Home freezer: -8 0c,  Boomerang nebula: -272 0c, Antarctica: -89.2 0c 

Indian contributions in LHC  accelerator, experiments, computing.



10 million electronic channels
recording data every 25 nano sec.

The experiments at LHC

2 mammoth, multipurpose detectors:
ATLAS, CMS

Almost 20 years to build, will work
for 20 years with minor modifications
occasionally.

CMS Collaboration: 
1740 Ph.D.s  + 1535 students
+ 790 engineers from 179 institutes 

in 41 countries.

From India: ~ 30 faculty, 35 students



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

Fundamental Forces



Elementary particles 

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

1) γ for electromagnetic
2) W and Z for Weak
…….

All interactions behaved as a single one
when the universe  was  much younger
and hotter idea of unification!

•2 groups: matter particles (fermions) and
carriers of  interactions (boson)

Everyday matter is made up of only up,down quarks, electron,..



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

eg. (1)  the temperature of a room is invariant under a shift in the  
measurer's position.

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

Understanding the essential

Symmetry as guiding principle in understanding laws of Nature.
Any global symmetry leads to some conservation law (Noether, 1915).
eg. Invariance under space translation momentum conservation.

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. 



Five fold symmetry

Radial symmetry

Reflection/Bilateral symmetry

Dogma of Symmetry



Symmetry breaking

In nature we have also examples where the symmetry gets broken up!

• A ferromagnet below Curie temperature has all the spins aligned to the
direction of the magnetisation.
 there is a preferred direction in the system
• But above the Curie temperature the spins are randomly oriented  
All directions are equally preferred 

Symmetry disappears at low energy, reappears at high energy.



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

Japanese physicist Nambu studied the mechanism of symmetry breaking in 
physical systems in 1963.
Received Nobel prize in physics in 2008.

During 1964, several  groups utilized this idea  to explain the phenomenon 
of mass generation of carrier particles.

When the universe was much hotter  the particles were massless.
In  the process of cooling down some of the symmetries are lost. 
Electroweak symmetry breaking  caused photon to remain  massless while 
W and Z  particles became massive   short range of weak interaction.

Origin of mass

Plausible phenomenon:



The story is not over!
The price of symmetry breaking  : list of fundamental particles  got 
extended  by atleast one new particle of spin 0
 The HIGSS BOSON

Simply put, there is an all pervading Higgs field.
All  particles necessarily interact with it. The amount of interaction 
of a particle in the Higgs field causes its mass.

This hypothesis must be tested!
find the Higgs boson 
But we do not know its mass, which 
could be anything between 0 to 1000 GeV!

LHC is built to find the Higgs boson



•Higgs boson decays within ~ 10 -24 s

Strategy for Experimental Search for Higgs

Decay modes of a heavy particle X which is unstable 
(heavier than A,B,C):
X  A   (a% of total decay events)
X  B   (b% of total decay events)
X  C   …..
a is the branching ratio for mode X A

Background: other physical processes
mimicking the same final state. 

1) For Higgs mass below 140 GeV look for 
H 2γ,  H WW(*),  H ZZ(*)

2) for  mass 140 -180 GeV, H WW,  H ZZ(*)
3) Above 180 GeV, H  ZZ

•Depending on the branching fraction at a given 
mass, develop search strategy   art of reducing 
backgrounds which are abundant at LHC.

• Divide the mass region according to the decay  
mode which is easily identifiable and equip the  
detector accordingly:

But W and Z particles also decay!  
 Pick up decay modes, eg.,
W e + ν,  Wµ + ν

Z  e+ e-,  Z  µ+ µ-



Higgs decaying to a pair of photons

•Identified as the discovery channel for low mass Higgs 
at a hadron collider in late 80’s.

•Though the branching ratio is low (~ 0.2%) , the signal is simple 
and gives a clean signature: final state with 2 energetic  photons.

•Narrow peak to be identified on top of huge continuous 
background in the invariant mass distribution.

•Crucial for mass resolution:
individual energy measurements
and angle between 2 photons.

The  calorimeter material chosen to have 
 compact detector with good energy,
position,  and angular  resolutions.
 Excellent mass resolution ~1%

m2
γγ= 2 E1 E2 (1-cosα)



CMS result

Probability for the background to fluctuate upwards to create the observed 
Excess is less than10-4, corresponding to better than 4 sigma (S/√B) effect.



One of Higgs to 2 photon decay event detected in CMS experiment



Everything should be as simple as it is, but not simpler", Albert Einstein.

Conclusion

The results signify, probably, the beginning of the end for one of the longest, most 
expensive searches in the history of science.

Both of the Higgs boson-hunting experiments at the LHC see a level of certainty in 
their data worthy of a "discovery".

Thanks

To the LHC machine team for the spectacular performance.

To all the funding agencies for financial support.

To our respective home institutes for support and encouragement.

To all of you for giving me an opportunity to share our excitement.
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