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New Views of the Structure of  
the Universe 

Friedman, Jerome

Great progress was made in understanding the 
structure of the universe in the second half of 
the 20th Century.  This has been driven by 
research in particle physics, probing the very 
small, and in astrophysics and cosmology, 
probing the very large.  These two domains are 
closely related in our current theory of the 
evolution of the universe. 

  Particle physics investigates the smallest, most 
fundamental constituents of matter and the force 
fields with which they interact.  

 The tools of particle physics are particle 
accelerators and particle detectors that are used 
to conduct scattering experiments. Such 
experiments are carried out to study particle 
properties and investigate the fundamental 
forces.  High energy particle beams are also 
used to produce particles that existed in the 
early universe.  For example, the Fermilab 
collider reproduces energy densities that existed 
in the universe only a few trillionths of a second 
after the Big Bang and produces particles that 
existed a that time.  That is why physicists 
continually strive to build more and more 
energetic accelerators. Higher energies enable 
shorter distances to be investigated, heavier 
particles to be produced and the universe to be 
probed at earlier times. 

New types of accelerators and particle detectors 
have made possible extensive experimental 
results in particle physics, which along with new 
theoretical developments, have led to the quark 
model, Quantum Chromodynamics, and 
Electroweak Unification.  These form the basis 
of a remarkably successful theory of elementary 
particles, called the Standard Model.  Although 
its predictions have been confirmed with 
excellent precision at present accelerator 
energies, this theory is incomplete and has 

raised a number of deep questions that need to 
be addressed in the TeV energy region.  Some 
of these have important cosmological 
implications. Experimental programs to search 
for answers to these questions have been 
prepared at the Large Hadron Collider (LHC), a 
14 TeV proton-proton collider at CERN, which is 
scheduled to begin operations for physics in the 
fall of 2009. 

 The experiments at the LHC will be carried out 
with five multisystem particle detectors, the most 
massive of which are ATLAS and CMS.  ATLAS 
is comparable in size to a seven story building, 
130 feet in length and 75 feet in width; and 
CMS, a somewhat smaller but heavier detector, 
is more than one and a half  times heavier than 
the Eiffel Tower.  Each has about 100 million 
channels of electronic readout; and with the 
accelerator, they constitute some of the world’s 
most advanced and sophisticated technology.  
These detectors are expected detect one billion 
collisions per second, with each collision 
producing many hundreds of high energy 
particles.  Only about 100 of the most interesting 
collisions will be recorded per second and saved 
for physics analysis.  The selection, which is 
based on topological and energy discrimination, 
must be made online, requiring enormously fast 
electronics and massive online computation. 

The Standard Model is not complete, as it is 
based on a mass generating mechanism that 
has not been verified experimentally.  This is the 
so called Higgs field, which is proposed to fill all 
space and interact with particles giving them 
mass.  One of the major objectives of the LHC is 
to confirm the existence of this field or establish 
a surrogate mass generating mechanism. 
Theoretical calculations indicate that finding the 
Higgs Particle, the quantum of the Higgs field, is 
well within the reach of the LHC. This discovery 
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would shed light on one of the great mysteries of 
nature - how mass is generated in the universe.   

In this new energy range, there will be 
explorations for new physical principles and 
symmetries of nature that go beyond the 
Standard Model.  In particular, there will be 
searches for the signatures of supersymmetry, a 
symmetry that has received much attention 
because it appears to be required in quantum 
theories of gravity and stabilizes the energy scale 
of the Standard Model against quantum 
fluctuations.  Supersymmetry assigns a mirror set 
of supersymmetric particles to the known 
fundamental particles, giving them the same 
electric charges and interactions but different 
spins. But supersymmetry has to be a broken 
symmetry.  As supersymmetric particles have not 
been detected at existing accelerators, it is 
thought that they must be heavier than their 
ordinary partners, Theoretical estimates suggest 
that LHC energies are likely to be high enough to 
produce the lowest mass supersymmetric 
particles. As the lowest mass neutral 
supersymmetric particle is an excellent candidate 
for the mysterious, exotic dark matter that makes 
up 23% of the total mass-energy of the universe, 
the LHC will provide the opportunity to search for 
it or for other potential candidates.   

Clarifying the nature of dark matter would be a 
major contribution to our understanding of the 
universe. In addition to dark matter, astrophysical 
observations have also pointed to the existence 
of a mysterious form of energy, dubbed dark 
energy, that pervades all space and makes up 73 
% of the mass-energy of the universe.  It is 
somewhat humbling to realize that the matter that 
we basically understand, the matter consisting of 
atoms, makes up only about 4 % of the mass-
energy of the universe. Dark energy is a 

complete mystery because attempts to explain it 
on the basis of particle physics give an answer 
that is about 120 orders of magnitude too large.  
Astrophysics experiments are being mounted to 
further clarify the nature of this energy.  As this 
energy is thought to be associated with a scalar 
field, a structure similar to that of the Higgs field, 
the possible discovery of the Higgs particle at the 
LHC could perhaps shed some light on this 
mystery. 

Another intriguing question to be explored by the 
LHC is whether extra spatial dimensions exist 
beyond the ones we know.  Speculation about 
this has been motivated by String Theory and by 
the observation that this could account for the 
enormous weakness of gravity as compared to 
the other fundamental forces of nature.  The LHC 
could detect extra dimensions that extend out to 
about to about 10-18 cm or beyond.   There will 
also be investigations of why the antimatter of the 
universe disappeared and matter remains.  The 
Standard Model, while predicting some 
asymmetry in the behavior of matter and 
antimatter, cannot account for the magnitude of 
asymmetry present in the universe.  Higher 
energy phenomena that are not included in the 
Standard Model and could possibly be observed 
at the LHC must be responsible for this. If this 
asymmetry were not imbedded in our physical 
laws, we and the universe as we know it would 
not exist. There are a host of other profound 
questions that will be studied; but if history is a 
guide, the LHC will also turn up complete 
surprises, phenomena not anticipated in any 
theoretical speculation.   The Large Hadron 
Collider, the world’s largest and most ambitious 
scientific project, is expected to usher in a new 
era of discovery and provide a clearer view of the 
structure of the universe.  

 




