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This non-technical review article is aimed at readers with some physics background, including
beginning research students. It provides a panoramic view of the main theoretical developments in
high energy physics since its inception more than half a century ago, a period in which experiments
have spanned an enormous range of energies, theories have been developed leading up to the
Standard Model, and proposals – including the radical paradigm of String Theory – have been
made to go beyond the Standard Model. The list of references provided here is not intended to
properly credit all original work but rather to supply the reader with a few pointers to the literature,
specifically highlighting work done by Indian authors.

1. Introduction

High energy physics has been and continues to be
the cutting edge of the human scientific endeavour
probing ever smaller distances below a femtometer
(10−15 m). The objective of this effort is to unravel
the properties of the basic constituents of matter
together with those of the fundamental forces of
nature. In the process, deep new ideas concerning
them are theoretically developed and experimen-
tally tested (see ref. [1] for a brief historical review
of the subject).

This subject emerged as an entity distinct from
nuclear physics and cosmic rays in the late 1950s
with the laboratory availability of intense and col-
limated beams of protons and electrons, accelera-
ted upto giga-electronvolt (GeV) energies. These
beams were made to impinge on nuclear targets
leading to the production of new particles. The
latter could be observed using sophisticated detec-
tors and computer analysis.

Such studies enabled rather precise measure-
ments leading to many discoveries of both new par-
ticles and new effects involving their strong, weak
and electromagnetic interactions. For more than
three decades since the mid-1970s, these results

have been explained by a theoretical framework
known rather prosaically as the Standard Model.
Hundreds of its predictions have been verified with
impressive precision in dozens of experiments gen-
erating billions of data points.

High energy experimenters are currently engaged
in scaled-up versions of similar kinds of studies
at tera-electronvolt (TeV) energies, probing dis-
tances down to almost an attometer (10−18 m).
These are nowadays conducted largely with col-
liding beams of particles and antiparticles which
annihilate or scatter. Also relevant here are non-
accelerator experiments (such as neutrino studies
and searches for proton decay or cosmological dark
matter) at both overground and underground loca-
tions, each involving a gigantic apparatus.

In addition, this field has been a fertile ground
for innovative, if sometimes speculative, ideas try-
ing to go beyond the Standard Model. These have
provided a rich kaleidoscope of theories, some of
them aimed at a final unification of all fundamental
forces including gravity. Attempts have been made
to extend the reach of some of these theories, based
on an underlying string-theory picture, all the
way to the Planck energy scale MPl = (8πGN)−1/2,
GN being Newton’s gravitational constant. MPl is
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about 2 × 1018 GeV in magnitude, and represents
the energy scale at which the gravitational interac-
tion can no longer be treated classically and quan-
tum gravity necessarily comes into play.

A single unified theory describing all elementary
particle interactions is still an elusive goal. The
Standard Model describes the electromagnetic,
weak and strong interactions, but only unifies the
first two. Despite its spectacular success in explain-
ing a large set of available data, it has serious
inadequacies. Attempts to go beyond it have tried
not only to address those issues but also to unify
all interactions. Furthermore, utilizing the recently
acquired facts from cosmological observations and
current ideas in cosmology [2], these efforts are aim-
ing to provide a coherent, if still incomplete, pic-
ture of the Universe. Quite a few of these theories
predict different kinds of distinct new signals in
particle collisions at multi-TeV energies.

This energy domain, sometimes called the tera-
scale, is about to be explored by an accelerator
called the Large Hadron Collider (LHC) [3], which
will collide two proton beams head-on at a centre-of
mass energy of 14 TeV. According to the generally
accepted cosmological scenario, this divided by the
Boltzmann constant was the order of the average
temperature of the rapidly expanding ball of radia-
tion and particles that was our Universe about one
picosecond after the Big Bang. The LHC aims to
recreate such conditions in the laboratory. Located
in Geneva, Switzerland, and operated by CERN
(European Organization for Nuclear Research),
this machine has been constructed over the last
several years and is scheduled to start operation
in late 2009. Data relevant for this exploration
should begin to come in within a year or two. This
prospect has infused researchers in the field with
great excitement and anticipation.

Figure 1. The Compact Muon Solenoid (CMS) detec-
tor at the LHC. Participating research groups in India are
at Bhabha Atomic Research Centre (BARC), Delhi Univer-
sity, Panjab University and Tata Institute of Fundamental
Research (TIFR).

Our purpose in this article is to provide a broad
perspective on the main theoretical developments
that have taken place in high energy physics and
on the directions along which this area of research
seeks to go further. We have used some subjec-
tive judgement in selecting the topics of our discus-
sion. Admittedly, our coverage will by no means be
comprehensive. Nevertheless, we do hope to high-
light the essential strands. In spite of our focus on
theoretical advances, we shall mention key experi-
ments which have triggered and sustained much of
that progress. Numbers quoted by us will always
be in natural units c = � = 1 which are particu-
larly convenient for describing relativistic quantum
phenomena.

2. Rise of gauge theories

2.1 General aspects of gauge theories

Looking back, one sees a revolutionary upsurge in
the field during the late nineteen sixties and early
seventies. The crucial theoretical development
responsible for this was the rise of ‘non-Abelian
gauge theories’, quantum field theories possess-
ing an invariance under continuous space-time-
dependent unitary transformations called ‘gauge
transformations’. Such theories can exist only
if they include spin-1 particles, whose existence
is thereby an immediate prediction of the theory.
Non-Abelian gauge symmetry is a natural genera-
lization of the well-known ‘phase symmetry’ of
field theories of electrically charged particles, i.e.,
electrodynamics, and leads to a rather restrictive
mathematical framework. It also bestows consis-
tency on relativistic field theories which are other-
wise frequently inconsistent due to negative-norm
quantum states.

Gauge symmetry should correctly be thought of
as a redundancy in the degrees of freedom describ-
ing a quantum theory, with physically observable
degrees of freedom being gauge invariant. With-
out going into the details of the gauge theory con-
struction, we may mention some general features.
Gauge symmetry is defined by a Lie group, a con-
tinuous group of transformations that is known in
this context as the ‘gauge group’. An important
Lie group is U(N), the group of unitary N × N
matrices. This group has N 2 generators which do
not mutually commute. So, as long as N > 1, it is
‘non-Abelian’. The special case with N = 1 is the
group U(1) of phase transformations. This group
is ‘Abelian’, having only a single generator. More
general Abelian Lie groups are products of the form
U(1) × U(1) × · · · × U(1), having many commut-
ing generators. A different Lie group, which occurs
in the Standard Model is SU(N), a subgroup of
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U(N) where the matrices are not only unitary but
also have determinant 1. This non-Abelian group
has N 2 − 1 generators.

A field theory with gauge symmetry contains
‘matter fields’ that are typically associated to spin-
less bosons or spin-1

2
fermions. In addition, it con-

tains the gauge fields referred to above, which have
spin 1. The number of gauge fields is precisely equal
to the number of generators of the group, specified
above, and the transformation laws for gauge fields
are determined by the choice of gauge group. For
the matter fields we have more available choices,
as they are specified by irreducible representation
of the Lie group, which can have varying dimen-
sionalities for the SU(N) case. Having specified the
representation one can read off from the theory
of Lie group representations the precise manner
in which the matter fields transform. Interactions
among gauge and matter fields are restricted by the
requirement that they be invariant under simulta-
neous gauge transformations on all fields. This is a
powerful constraint.

To summarize, the data required to specify a
gauge theory is first of all a gauge group which in
our context can be restricted to contain the factors:

U(1)×U(1)× · · · ×U(1)×SU(N1)×SU(N2)× · · ·

together with matter fields transforming in a spe-
cific representation of each factor. As we will see
in what follows, the Standard Model has the gauge
group U(1)×SU(2)×SU(3), a rather special case of
the above structure. The representations for the
matter fields are somewhat subtle though, and have
very important physical implications.

The idea of gauge symmetry is quite old and was
originally mooted by Weyl in 1929. His imposition
on the Dirac free-electron Lagrangian of an invari-
ance under the transformations of a U(1) gauge
group required the inclusion of a massless photon
possessing a definite interaction with the electron.
Thereby one obtained the full form of the (clas-
sical) action for relativistic electrodynamics. After
about a decade the formidable power of Weyl’s idea
was put to crucial use in the consistent formula-
tion of the quantum version of this theory, quan-
tum electrodynamics (QED).

It should also be mentioned that just before
the Second World War, O Klein had proposed a
non-Abelian gauge theory to describe weak inter-
actions, but it had attracted little attention at
the time. The idea was independently revived in
1954 by Yang and Mills as well as separately by
Shaw. It was considered somewhat exotic through
the following decade until it rapidly emerged as
the correct formulation for particle physics in the
late 1960s.

2.2 Quantum electrodynamics

Quantum electrodynamics was originally the
theory of electron–photon interactions. This was
generalized to include the interactions of photons
with all electrically charged particles, there being
one field for each such particle (the field describes
both particle and anti-particle).

Probability amplitudes for physical measurables
appear in this theory as functions of kinematic
variables and theoretical parameters. They are
computed as perturbation series expansions in
powers of the fine structure constant α = e2/4π ∼
(137)−1 where e is the electric charge. Although
the lowest order results are generally finite, higher-
order terms contain integrals over momenta of ‘vir-
tual particles’. As these momenta can go up to
infinity, the corrections end up being ultraviolet
divergent.

At first it was thought that all higher-order cal-
culations would therefore be impossible to carry
out. However, this problem was successfully tack-
led by Feynman, Schwinger, Tomonaga and Dyson.
They invented a procedure called renormalization
involving two basic steps. First, the theory is ‘regu-
larized’ by cutting off its high-momentum modes
before computing anything. Second, the parame-
ters appearing in the Lagrangian, after including
the regularized corrections, are treated as ‘bare’
(cutoff-dependent and unphysical) quantities. One
then defines ‘renormalized’ parameters as functions
of these bare parameters in such a way that physi-
cal observables are finite functions of the renormali-
zed parameters to the given order in perturbation
theory. The process can then be extended order-
by-order.

The success of such a procedure is not guaran-
teed for all field theories. Those for which it works
are called ‘renormalizable’. Otherwise, they are
described as being non-renormalizable. The general
wisdom in this respect today can be summed up
as follows. Non-renormalizable field theories can be
used in the approximate sense of an effective field
theory over a rather limited energy range. How-
ever, any fundamental field theory, valid over wide
energy scales, has to be renormalizable.

Once renormalization was successfully carried
out in QED, physical quantities – such as the
tiny splitting between the 2S 1

2
and 2P 1

2
levels of

the hydrogen atom (the ‘Lamb shift’), magnetic
moments of the electron and the muon as well
as measurable scattering cross-sections for many
different physical processes – could be calculated
with high precision. Even more precise were cal-
culations of small energy shifts in positronium (an
e+e− bound state) and muonium (a similar bound
state involving μ+ and e−) states and their decay
rates. All these have been found to be in incredibly
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precise agreement with experimental values, typi-
cally to parts per million or even less. The pertinent
point here is that this procedure for QED cannot
work without gauge invariance. The latter is essen-
tial and plays a key role at every step of the renor-
malization programme, as amplified in the works
of Salam and Ward.

2.3 Non-Abelian gauge theories

As indicated above, following the success of the
gauge principle in QED, a field theory [4] with
non-Abelian gauge invariance was put forth. The
original authors utilized the gauge group of 2 × 2
unitary matrices of unit determinant, called SU(2),
but their treatment was actually extendable to
more general non-Abelian gauge groups. Impor-
tantly, they limited themselves to the classical field
theory and did not offer a way to quantize it.

Despite the beautiful mathematics involved, one
reason that the theory failed to attract much atten-
tion initially was the required presence of three
massless spin-1 bosons with non-Abelian charges.
Such particles were not found in nature. Adding
a mass term for them to the Lagrangian destroys
the non-Abelian gauge invariance. Even with some
tweaking to render these particles massive, the
best that could be done was to identify them with
three short-lived resonances called ρ (‘rho’)-mesons
(more on them later). But, as explained in the next
section, the ρs eventually turned out to be quark–
antiquark composites and not elementary spin-1
particles. So the attempted identification did not
work. Another problem was that, though Yang–
Mills theories were suspected to be renormalizable,
one did not know how to actually show this in the
absence of a detailed quantization procedure.

The situation changed dramatically after two
great strides were taken in utilizing non-Abelian
gauge theories. These led first to a combined gauge
theory of weak and electromagnetic interactions,
called the ‘electroweak theory’ and second, shortly
thereafter, to a gauge theory of strong interac-
tions known as quantum chromodynamics (QCD).
Today, these two theories together comprise the
Standard Model of elementary particle interactions
which will be the topic of detailed discussion in
our next three sections. While three of the four
known fundamental interactions are accounted for
by the Standard Model, the fourth (gravitation)
is not a part of it. This is partly because at the
level of elementary particles the gravitational force
is many orders of magnitude weaker and can be
safely ignored. Another more fundamental reason,
which will be discussed later on, is that the Stan-
dard Model cannot be easily extended to include
gravity.

The Standard Model has been found to be the-
oretically consistent and has withstood all experi-
mental tests directed at it for over three decades.
These tests have involved a variety of physical
processes and have made use of the data gener-
ated from billions of high energy collision events as
well as many low-energy measurables. The Stan-
dard Model is alive and well as of now, though its
future may be uncertain, as discussed below. It tri-
umphantly proclaims today that we continue to
live in an age of gauge theories.

3. Emergence of the Standard Model

3.1 A crisis and its resolution

A crisis of sorts had engulfed high energy physics
around the mid-sixties. The existence of four fun-
damental interactions – gravitational, electromag-
netic, weak nuclear and strong nuclear – had
already been established with a fairly decent idea of
their relative strengths. The first two were very well
understood in classical terms through the respec-
tive theories of Einstein and Maxwell. Moreover,
the second had been given a consistent quantum
formulation in QED which worked very well at
least within a perturbative framework. However,
the knowledge that one had of the last two interac-
tions was very fragmentary and phenomenological
and even the local field variables in terms of which
the theory should be formulated were unclear.

All elementary matter particles, now as then,
can be classified into two categories: ‘leptons’ (the
electron e, muon μ, tau τ , and the corresponding
neutrinos νe, νμ, ντ ) which do not experience strong
interactions, and ‘hadrons’ which do. Leptons are
always spin-1

2
fermions, and are either stable or

metastable. In the latter case they decay via
weak interactions, therefore relatively slowly, hav-
ing ‘long’ lifetimes ranging from microseconds to
picoseconds.

In contrast, hadrons can be either ‘baryons’
(fermionic hadrons carrying half-integral spins) or
‘mesons’ (bosonic hadrons carrying integral spins).
Prominent among the baryons are the spin-1

2
nucle-

ons, namely the proton, which appears so far to
be stable, and the neutron which has a long life-
time of slightly less than 15 min. Also included in
the list of baryons are the metastable Λ (lambda),
Σ (sigma) and Ξ (xi, or cascade) which carry an
additional attribute or quantum number dubbed
‘strangeness’. Among mesons the common ones are
the spin zero π (pion), K (kaon), η (eta), etc.,
which are all metastable.

The list of hadrons also contains extremely
short-lived (lifetime ∼10−20 s) particles such as the
ρ (rho), Δ (delta) and many others. More and more
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such particles were discovered and soon they were
over a hundred in number. This was a puzzling
situation. Given such a proliferation of short-lived
hadronic ‘resonances’, for a while the entire field-
theoretic framework was sought to be discarded
in terms of a ‘boot-strap’ theory of the scatter-
ing matrix, or S-matrix [4a]. This formulation used
some general principles like analyticity and unitar-
ity of the S-matrix to derive a few useful equations
[6] or sum rules [7] for processes involving hadrons.
But that was as far as it went, and the theory did
not turn out very predictive.

As an alternative, the quark model [8] was
advanced by Gell–Mann and independently by
Zweig. Quarks were proposed to be the building
blocks of hadrons. The proliferating hadrons were
sought to be explained as bound states of a few
distinct quarks. Initially three flavours of quarks
were proposed, ‘up’, ‘down’ and ‘strange’. This pro-
posal had some success in classifying the observed
hadrons, making it similar in some ways to the con-
stituent theory of the atom in terms of nucleons
and electrons which explained the periodic table of
elements. However, beyond this success the quark
model made little progress and free quarks were
not observed.

Towards the end of the 1960s, a path-breaking
new ‘deep inelastic’ electron scattering experi-
ment was performed at the Stanford Linear Accel-
erator. In this experiment, electrons of energy
∼10GeV were scattered highly inelastically, with a
large invariant momentum transfer, off protons and
nuclear targets, producing a number of hadrons in
the final state. Though the produced hadrons were
unobserved, the scattered electron was detected
and studied carefully. This was a relativistic ver-
sion of Rutherford’s classic ‘atom-splitting’ experi-
ment, more than half a century earlier, studying
the scattering of alpha-particles from a thin foil of
gold.

Just as copious backward scattering in the lat-
ter established the presence of a point-like nucleus
inside the atom, here also a significant amount of
backward scattering in the centre-of-mass frame
demonstrated [9] the existence of point-like quarks
inside the nucleon. There was one major differ-
ence, however. Whereas a nucleus could later be
isolated by stripping an atom of all its electrons,
all attempts (even till today!) to isolate a single
quark have proved futile. Quarks seem to be peren-
nially bound inside nucleons and more generally
within hadrons. Nevertheless, despite this overall
confinement, they seemed to behave nearly freely
when interacting with each other, as observed by
a high momentum-transfer collision probe.

Additional data from other experiments, per-
formed at GeV energies, supported the above
view. Highly inelastic scattering of neutrino beams

from nuclear targets, studied at the Proton Syn-
chrotron at CERN, Geneva, and the annihilation
into hadrons of colliding electron and positron
beams, energized and stored in a number of stor-
age rings, yielded confirmatory evidence. Utilizing
the earlier quark model, which had so far only been
confirmed by hadronic mass spectra, one was then
led to [9a] a new paradigm for strong interactions,
with three major inter-related aspects which will
now be described.

3.2 Quark-gluon picture

The quark-gluon picture envisages hadrons as
made up of spin-1

2
fractionally charged quarks

bound together by spin-1 uncharged ‘gluons’.
Among hadrons, the integral-spin mesons are
quark–antiquark pairs while the half-integral spin
baryons are three-quark composites. For instance,
a nucleon consists of three quarks:

proton =
(
u 2

3
u 2

3
d− 1

3

)
,

neutron =
(
u 2

3
d− 1

3
d− 1

3

)
,

where u and d represent the up- and down-quark
respectively, and the subscripts represent the elec-
tric charges in units of the positron charge. Other
hadrons also involve the s or strange quark, which
explains the origin of the strangeness quantum
number referred to earlier. The quarks listed above
should be thought of as the basic constituents; they
are supplemented by clouds of quark–antiquark
pairs and gluons that arise from the vacuum in
this strongly coupled theory. In a high-momentum
nucleon these gluons, in fact, carry [10] about 50%
of the momentum.

While the original proposal of Gell–Mann and
Zweig required only quarks, gluons had to be added
later on to fit the proposed framework of a non-
Abelian gauge theory, which necessarily has spin-1
quanta. Thus gluons are gauge particles and are the
mediators of the strong interactions. A key prop-
erty of both quarks and gluons is ‘colour’ as we
now explain.

Even before the deep inelastic scattering exper-
iments, a puzzle had arisen for the quark hypoth-
esis. There appeared to be a paradox involving
Fermi–Dirac statistics for identical quarks. Con-
sider the spin-3

2
Δ++ resonance, consisting of three

up-quarks. As this is the lightest hadron with its
quantum numbers, the quarks must be in a spin-
symmetric ground state. This would put identical
quarks in an identical state, violating Fermi–Dirac
statistics.

This was resolved by Greenberg and by Han and
Nambu, who proposed that each quark comes in
three varieties called ‘colours’ [10a]. This proposal
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solved the problem because the three up-quarks in
a Δ++ can be antisymmetrized in the colour degree
of freedom, making the overall state antisymmet-
ric under the interchange of quarks, as required by
Fermi–Dirac statistics. Later studies with ‘quarko-
nia’ (quark–antiquark bound states, analogous to
positronium) as well as direct hadro-production,
bolstered this picture. Although the colour hypoth-
esis increased the total number of quarks by a
factor of 3, a disturbing lack of economy, it even-
tually triumphed and the strong interactions are
now understood to arise fundamentally from the
dynamics of colour.

While quarks come in three colours, the gluons
which are exchanged between them are labelled
by a pair of colours; therefore one expects nine
of them. However, it turns out that one of the
nine combinations is not required in the theory
and therefore eventually there are eight types of
gluons.

Experimental studies also led to the discovery
of additional ‘flavours’ of quarks beyond up, down
and strange, namely ‘charm’, ‘top’ and ‘bottom’.
The new quarks have turned out to be heavier than
the previous ones but experience similar interac-
tions. In this they are rather like the heavier lep-
tons (muon and tau) vis-à-vis the electron.

In energy units, the electron mass is about
0.5 MeV, while the up- and down-quarks carry a
few MeV of mass each. The muon and the strange
quark lie not far above 100 MeV in mass, while
the tau as well as the charm and bottom quarks
lie in the mass range 1–5 GeV. The top quark is
the heaviest at nearly 170 GeV, just about the
same as a gold atom. This quark was discovered
in the 1990s at the Tevatron accelerator in Fermi-
lab, USA. Including the three neutrinos (νe, νμ, ντ )
which are taken in the Standard Model to be mass-
less, one ultimately has six leptons and six colour
triplets of quarks which are the building blocks for
all observable matter particles, stable or unstable,
as depicted in figure 2.

3.3 Asymptotic freedom

The Stanford experiment and other related inves-
tigations did more than just demonstrate the
existence of quarks inside a nucleon. They also
showed that, despite being bound, quarks behave
almost freely when studied with an external elec-
tromagnetic or weak-interaction probe involving
a large momentum transfer of the order of sev-
eral GeV. In effect, quarks interact feebly at small
distances.

As we saw above, soon thereafter a gauge the-
ory was developed of interacting quarks and gluons
called quantum chromodynamics or QCD based on
the gauge group SU(3) of 3 × 3 unitary matrices

Figure 2. A table of the Standard Model particles showing
their masses/mass bounds (from PBS NOVA, Fermilab).

of unit determinant. Let us focus on one important
property of QCD. In any field theory, the renor-
malized parameters discussed above turn out to
naturally depend on an energy scale (equivalently
a distance scale). They are said to ‘run’ with the
overall energy involved in the process. The rate
and direction of this running are determined by a
function of the coupling strength known as the ‘β-
function’. This function can be calculated in per-
turbation theory for small enough values of the
coupling strength [10b].

For most field theories (e.g., QED), such a cal-
culation yields a coupling strength that decreases
at low energy (long distance) and increases at high
energy (short distance). This means that the effec-
tive charge of the electron, measured at larger
and larger distances, appears smaller and smaller
in magnitude: a phenomenon known as screening.
This is physically interpreted as being due to a
large number of virtual e+e− pairs in the photon
cloud surrounding the electron. Indeed, the elec-
tromagnetic fine structure coupling alpha has the
value ∼1/137 mentioned above only when mea-
sured in atomic processes involving a few elec-
tronvolt energies. Because of screening, it rises
to ∼1/128 when determined at the Large Elec-
tron Positron (LEP) ring at CERN at an energy
∼90GeV.

The beta function for QCD was calculated by
Gross and Wilczek [12] and independently by
Politzer [12]. It turns out to be negative, i.e., the
QCD coupling strength decreases as the probing
energy increases or equivalently we measure at
shorter and shorter distances. At extremely short
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distances the quarks therefore behave as though
they were free. This can be thought of as ‘anti-
screening’ behaviour, arising [9] from the fact that
the virtual gluon cloud around a quark has its own
self-interaction unlike the photon cloud surround-
ing an electron.

This provides a rationale for the observed
behaviour of the bound quarks in deep inelastic
processes. Moreover, a justification was found for
the successful use of perturbation theory in cal-
culating the corresponding observables, since at
high energies one is in a weak-coupling regime.
Subsequent experiments have been able to mea-
sure [13] the running or the energy dependence of
the strong-interaction coupling strength, called αs,
agreeing within errors with the theoretical calcula-
tion which now involves summing ∼50,000 terms
at fourth order in perturbation theory. The cal-
culation yields a functional form of αs which for-
mally blows up at the energy scale Λ ∼200MeV.
The magnitude of Λ turns out to be exponentially
related to the value of αs at the Planck energy men-
tioned earlier.

3.4 Infrared slavery and confinement

Asymptotic freedom had a remarkable corollary
which ultimately yielded a decisive insight into
the structure of hadrons. The perturbative calcu-
lation of the QCD beta function, which indicates
that the strong coupling decreases at high energy,
also implies that it increases at low energy. For-
mally one finds that it goes to infinity beyond
a distance scale Λ−1 of around a femtometer.
While the calculation itself ceases to be reliable
at such scales (because perturbation theory breaks
down at large coupling), it strongly indicates
that quarks are strongly coupled at large enough
distances.

It was proposed by Weinberg that this phenom-
enon is the origin of quark confinement. Though
quarks behave almost freely at much shorter dis-
tances, once the inter-quark separation becomes
significantly larger than a femtometer the effec-
tive force becomes a constant (i.e., the potential
rises linearly with distance) so that an infinite
amount of energy is required to separate two
quarks.

An analogous phenomenon is observed in clas-
sical mechanics. Two objects joined by a rubber
band experience little force when close by, but the
force becomes very strong when the rubber band is
stretched. While a field theory of quarks does not
possess a fundamental ‘rubber band’, an analogy
with superconductivity explains its possible origin.
In superconducting systems, magnetic flux is con-
fined into long narrow tubes. By analogy, in QCD it
is thought that a colour (‘chromoelectric’) flux tube

stretches between quarks and binds them together.
If this flux tube has a constant tension, it would
produce a somewhat feeble force at short distances,
but the energy residing in it would grow with dis-
tance. This would imply that quarks rattle around
almost freely inside hadrons but are unable to come
out, rather like balls interconnected by rubber
bands.

There is now considerable support for the con-
finement phenomenon from both theory and exper-
iment, notably from numerical studies of QCD
as formulated on a discrete lattice. Nevertheless,
colour confinement remains a conjecture awaiting
a rigorous proof. The precise statement of this con-
jecture is that all objects carrying colour are per-
manently confined (at zero temperature) and only
colour-singlet bound states are observed as phys-
ical states. In a high energy hadronic reaction,
coloured quarks and gluons inside the hadrons par-
ticipate in an underlying subprocess by scattering
into other quarks and gluons. But instead of being
directly observed in the final state, the coloured
quarks and gluons ‘hadronize’, which is to say that
they extract coloured partners from the vacuum to
form colour-singlet hadrons.

A highly scattered quark or a gluon, or one emer-
gent from the decay of a very heavy parent, leaves
behind its telltale signature in the final state in the
form of a spray-like jet of hadrons travelling within
a narrow cone around the direction of the parent
quark or gluon. The angle of such a cone would
typically be given by Λ divided by the energy of
the parent. Such hadronic jets were detected during
the 1970s and studied over many years. They are
among the important tools today in deciphering
the dynamics of the underlying quarks and gluons
in high energy hadronic processes. Their existence
is one of the many reasons why the quark hypoth-
esis is today considered to be firmly established
despite the absence of a rigorous proof of confine-
ment.

The qualitative understanding of confinement
described above also led to a development of enor-
mous significance. Instead of trying to derive the
existence of a confining flux tube from QCD field
theory, one may take an opposite point of view,
as was done by Nambu and Susskind, and propose
that a flux tube of constant tension is a funda-
mental object, namely a ‘string’. In this proposal
confinement is self-evident, being built into the
theory, but the precise weak-coupling dynamics
of quarks at short distances then needs to be
derived. This idea led to the birth of an entire
subject, String Theory, which has had considera-
ble impact on various fields of theoretical physics
owing to its highly consistent and powerful struc-
ture. It is described in some detail later in this
article.
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3.5 Weak interactions

Slightly preceding the above exciting developments
in the study of strong interactions, came progress
in the understanding of the weak force. This is
responsible for some kinds of nuclear radioactivity
and for the decays of several leptons and hadrons.
The weakness of this force is manifest in the rela-
tively slow decay rate of these leptons and hadrons,
as compared with those that decay via strong inter-
actions.

Until the mid-sixties, weak interactions were
described by a phenomenological Lagrangian field
theory based on ideas due to Fermi, Sudarshan,
Marshak, Feynman and Gell–Mann. This theory
used the notion of ‘currents’, which are certain
field-theory operators made out of fermion bili-
nears and can be interpreted as operators that
create an outgoing fermion out of an incoming one.
The interaction in this theory was chosen to be
a product of two such currents, so that a pair of
incoming fermions instantaneously turned into a
pair of outgoing ones. Thus it involved four fermion
fields interacting at one point. The strength of
the interaction was defined by a dimensional con-
stant ∼10−5×(proton mass)−2 known as the Fermi
constant GF.

Weak processes had been found to violate parity
or reflection symmetry, known to be respected by
the other three fundamental interactions. In rela-
tivistic field theory, parity violation is allowed in
theories where fermions have a definite ‘chirality’.
This property tells us how the spin of the parti-
cle is correlated with the direction of its motion,
and is Lorentz invariant, therefore well-defined in
relativistic field theory. Fermions can be left-chiral
or right-chiral, while their anti-particles are corre-
spondingly right-chiral or left-chiral. In what fol-
lows, it will be important that that mass terms
normally mix opposite chiralities. Intuitively this
comes from the fact that a massive particle can be
brought to rest and then boosted in the opposite
direction, reversing its chirality.

From nuclear beta-decay experiments, it became
known that left-chiral fermions (in some fixed con-
vention) are the ones that participate preferentially
in weak interactions. This was evidence for parity
violation. Eventually it was found that right-chiral
fermions never emerge in these decays, and so the
parity violation is in fact maximal. This fact was
incorporated in the Fermi theory by using only left-
chiral fermions in the four-fermion coupling. Ini-
tially the fermions participating in this interaction
were assumed to be leptons or hadrons (such as
electrons or protons) but once quarks were intro-
duced it was natural to assign similar weak cou-
plings for them too. At a crude phenomenological
level, this theory, with an extension proposed by

Cabibbo to include strange quarks, worked reason-
ably and could fit a variety of experimental data
on beta decay of nuclei as well as free neutrons,
as well as on the decays of metastable leptons and
hadrons.

The trouble, however, was that the theory was
non-renormalizable. This meant that higher-order
computations were impossible to perform. Thus the
Fermi theory could not possibly be a fundamen-
tal theory of the weak interactions and a new idea
was urgently needed. One such idea was put for-
ward independently by Glashow, Salam and Wein-
berg [14]. Their proposal, which incorporated some
embryonic older ideas in this direction, was that
the four-fermion contact interaction should be
thought of as the effective version of an interaction
that was actually mediated by new bosonic parti-
cles. In this new theory, a fermionic current would
not interact directly with another one, but rather
would emit one of the new bosons which in turn
would be absorbed by the other current. At suffi-
ciently low energies the result could be mimicked
by a four-fermion interaction but at higher energies
the presence of the new boson would significantly
change the theory. It was just conceivable that the
new theory would be renormalizable.

The new bosons needed to be massive and have
one unit of spin. Three such bosons were postu-
lated, with the names W± and Z0 where the super-
scripts indicate their electric charges. Together
with the photon, which also has one unit of spin
but is massless, they would interact via a non-
Abelian gauge theory whose gauge group would
be SU(2) × U(1). That this new theory of the
weak interactions, which we describe in more detail
below, emerged successful speaks for the amaz-
ing omnipresence of non-Abelian gauge theories in
nature. It bears no direct relation to the other non-
Abelian gauge theory (QCD) that we have already
discussed and which describes the strong interac-
tions. In principle, either one of these theories could
have existed without the other one.

Returning to weak interactions, the SU(2) gauge
coupling strength g gets related to the Fermi con-
stant GF through the mass of the W -boson, via the
equation

g2

8M2
W

=
GF√

2
.

The successful features of the older Fermi theory
are then completely reproduced. However, there is
also a new and unprecedented consequence of this
proposal: the prediction of a new class of weak
interactions, mediated by the Z particle. This par-
ticle is electrically neutral and is obliged to exist
because of the Lie group structure of non-Abelian
gauge theory, and it leads to new interactions called
‘weak neutral currents’, which were discovered at
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CERN shortly thereafter in neutrino scattering
experiments.

The left- and right-chiral components of any
fermion are assigned to different representa-
tions of the SU(2) × U(1) gauge group in the
electroweak theory. The assignment reflects experi-
mental inputs, notably parity violation. The
left-chiral electrons, which participate in weak
charged-current interactions, are chosen to be
‘doublets’ of SU(2), while the right-chiral ones
are chosen to be singlets. The same is done for the
other charged leptons, namely the muon and the
tau. We noted earlier that mass terms connect left-
and right-chirality fermions. Since all these fermi-
ons have long been known to have a mass, it is clear
that their right-chiral versions must be present in
the theory.

With neutrinos the situation is slightly different.
They were long thought to be massless. Therefore,
a logical possibility was to simply have left-chiral
neutrinos (in doublets of SU(2), like the charged
leptons) and no right-chiral neutrinos at all. It is
now known that neutrinos have an extremely small
mass, but because of its very smallness we will
temporarily neglect it and continue to discuss the
Standard Model in its original version with exactly
massless neutrinos. The issue of neutrino masses
will be taken up later on.

For the charged leptons we seem to be in a posi-
tion to write a consistent theory including their
mass terms, since we have included both left- and
right-chiralities. However there remains a puzzle
involving the mass term. Because the two chirali-
ties are in different representations of SU(2), the
mass term connecting them cannot be gauge invari-
ant. But gauge invariance is a key requirement for
any theory having spin-1 bosons to be consistent
and so it simply cannot be abandoned. The res-
olution, one of the cornerstones of the Standard
Model, is that one introduces a new scalar (spin-
less) particle. Next one writes not a fermion mass
term, but a ‘Yukawa’ interaction term coupling
a left- and right-chiral charged lepton to a new
scalar particle, called the Higgs particle. Finally
one chooses a potential for the field φ of this par-
ticle that is minimized by giving φ an expectation
value v. This creates a mass term proportional to
the expectation value:

φψ̄ψ → 〈φ〉ψ̄ψ = vψ̄ψ.

By this mechanism a mass is generated for the
charged leptons (and similarly for the quarks).
Remarkably, a property of gauge theory assures
that the spin-1 gauge fields also acquire a mass
due to the expectaton value of φ. This is called
the Higgs mechanism, and is based on an idea bor-
rowed from condensed matter physics.

Experiment determines the expectation value of
the Higgs field to be

v = (2
√

2GF)−1/2 ∼ 175GeV.

Remarkably the Higgs mechanism accomplishes
the requirement of ‘breaking’ gauge invariance in
an apparent sense – producing masses for chiral
fermions and gauge fields that would naively be
forbidden by gauge invariance – and yet retaining
the same invariance at a fundamental level thereby
rendering the theory unitary and renormalizable,
i.e., consistent at the quantum level unlike its pre-
decessor, the Fermi theory.

The Higgs field can therefore be described as
the source of all masses in the Standard Model.
One consequence of this scheme is the predicted
occurrence of a spin-0 particle, called the Higgs
boson, with couplings to the W and Z bosons and
the charged fermions that are proportional to their
respective masses. This particle is yet to be exper-
imentally detected, but its presence is vital to the
theory. Although it was suspected that the elec-
troweak theory would be renormalizable, a bril-
liant demonstration of this fact [15] by ’t Hooft and
Veltman was the final theoretical result that trans-
formed a speculative idea into a coherent and con-
sistent one. Subsequently, every essential feature of
it, other than (as yet) the existence of the Higgs
boson, was confirmed by experiment.

Though they are all proportional to the Higgs
expectation value v, fermion masses cannot be
calculated in the Standard Model. Rather, a pro-
portionality constant is included in each inter-
action with the Higgs field to reproduce the
observed mass. A striking feature of the most
general mass term incorporating all the quarks,
was that the symmetry called CP (the prod-
uct of charge conjugation and parity) would be
preserved if there were just two generations of
quarks, namely the up- and down-quarks (first
generation) and the strange and charmed quarks
(second generation). The work of Kobayashi and
Maskawa [16] showed that the existence of a third
generation of quarks could indeed lead to CP
violation [16a]. As this symmetry was already
known to be violated in the interactions of certain
uncharged ‘strange’ particles called K-mesons, a
third generation of quarks was thus theoretically
required. Quantum consistency of the theory fur-
ther required a third pair of leptons, charged and
neutral.

These leptons and quarks, the τ (‘tau’) and
ντ as well as ‘top’ and ‘bottom’, were subse-
quently discovered. Moreover, CP violation has
been observed not only in ‘strange’ mesons (those
containing a strange quark) but also in simi-
lar ‘bottom-flavoured’ particles called B-mesons.
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The observations are in precise quantitative agree-
ment with the theoretical prediction.

In contrast to the fermions, the gauge bosons
W± and Z had their masses predicted rather
precisely in the electroweak theory to be around
81 GeV and 90 GeV respectively (being the
antiparticles of each other, the W+ and W− must
have the same mass). These predictions were beau-
tifully confirmed when the three bosons were dis-
covered more than a decade after the prediction
was made, in a pioneering experiment performed at
the CERN Super-Proton Synchrotron (SPS). This
discovery put the stamp of universal acceptance on
the electroweak theory. This was confirmed more
strongly during the 1990s by later data from the
LEP machine which generated billions of events
containing Z bosons and W+–W− pairs.

Because of the direct product structure of the
weak-interaction gauge group SU(2) × U(1), the
theory has two independent measurable coupling
strengths which in turn determine α (the fine-
structure constant) and GF. Therefore, one does
not have a true unification of weak and electromag-
netic interactions. Nevertheless, the fact that the
W - and Z-bosons and the photon are inextricably
combined in the theory does endow it with some
sort of partial unification. Due to its renormaliz-
ability, the electroweak theory allows the calcula-
tion in principle of any observable to an arbitrary
order in the perturbation expansion in gauge cou-
pling strengths.

So far we have only mentioned, without
providing any details, that the theoretical
developments described above were subsequently
confirmed by experiment. Historically, by the mid-
seventies both the electroweak theory and QCD
had been formulated as consistent quantum field-
theoretic models of the electromagnetic, weak and
strong interactions but had not yet been exten-
sively tested. At this stage particle theorists could
be said to have presented a definite challenge to
their experimental colleagues. Would they be able
to devise experiments to exhaustively test this
impressive theoretical edifice? And if so, would it
survive or be demolished? In the next section we
discuss how experiments to date have tested the
theory.

4. Present status of the Standard Model

4.1 Electroweak theory

Detailed predictions of the electroweak theory may
be (and have been) made using the tool of pertur-
bation theory in the two dimensionless electroweak
coupling strengths. The values of these two cou-
plings are much smaller than unity. Therefore, the

perturbative framework is excellent for computing
measurable quantities order by order and compar-
ing those with experimental numbers.

Instead of providing detailed definitions of the
measured quantities and describing the procedures
for their measurement, we exhibit a diagram that
illustrates the accuracy of comparison between the-
ory and experiment. Figure 3 is a recent [17] ‘pull-
plot’ for 18 electroweak quantities, measured at
different accelerators, but most accurately at the
Large Electron Positron (LEP) storage ring at
CERN. Here the ‘pull’ for any measured quantity
is defined as the absolute value of the difference
between the mean measured and the theoretically
fitted numbers, divided by the standard deviation
in the measurement.

One can explicitly see from this plot, as well
as from the actual numbers, the very impressive
agreement between the electroweak theory and
experiment. For many quantities, the agreement
actually goes down to the ‘per-mil’ level (i.e.,
to one part in 103) or better. Apart from those
listed in figure 3, the ratio of the strengths of the
ZW+W− and γW+W− couplings has also been
found to agree with the theoretical prediction at a
per cent level. The only missing link in the elec-
troweak theory now is the postulated but so far
unobserved Higgs boson. Indeed, one of the dis-
appointing features of this theory is its lack of
prediction for the mass of the Higgs. However,

Figure 3. Precision tests of the electroweak theory (from
G Altarelli, arXiv:0805.1992).



DEVELOPMENTS IN HIGH ENERGY THEORY 253

Figure 4. Theoretical bounds on the Higgs mass as a
function of the scale Λ upto which the Standard Model is
assumed to be valid (from A Djouadi and R M Godbole,
arXiv:0901.2030).

indirect arguments suggest [17] that the Higgs
boson lies somewhere between 114 and 190 GeV
(see figure 4). The lower bound is derived from
the failure to see the Higgs being produced at the
LEP machine which discontinued operations some
years ago. The upper bound is a constraint from
the required agreement between theoretical cal-
culations of electroweak observables including the
Higgs as a virtual state, and precision measure-
ments of the same. Interestingly, recent reports
from the Tevatron accelerator at Fermilab claim to
have ruled out a Higgs boson in the mass range
160–170 GeV at the 95% confidence level.

The very characteristic coupling of the Higgs,
being proportional to the mass of the particle it
couples to, is a useful tool in searching for it. Using
this fact, the Higgs is being sought ardently in the
ongoing and forthcoming hadron collider experi-
ments. If its mass is indeed in the range mentioned
earlier, it should be found without much difficulty
at the LHC, as clear from the calculation [18] of
its hadronic production cross-section at the ‘next-
to-next-to-leading’ order. The quest for the Higgs
has, in fact, the highest priority among goals set
out for the LHC machine. If the Higgs boson is not
found at the LHC even after a few years of running,
a significant feature of the electroweak theory will
receive a death-blow.

In addition to the perturbative aspects of the
electroweak theory, spectacularly confirmed as
described above, there are also physically relevant
non-perturbative aspects. A classical soliton-like
solution to the field equations of the theory, called
a sphaleron, leads to physical effects that are non-
perturbative in the coupling constants. Sphalerons
are thought to play an important role in baryogen-
esis, i.e., the generation in the early Universe of the
overwhelming excess of baryons over anti-baryons

that we observe in the cosmos today. Many popu-
lar models try to calculate the measured baryon-
to-photon ratio (∼10−9) in the Universe utilizing
sphalerons. However, with only one number and
quite a few models, the theory cannot be tested
easily. Hence as of now, all experimental checks
of precisely measured electroweak observables with
theoretical calculations have been done within the
perturbative framework and the non-perturbative
aspect of the electroweak theory has so far not had
any direct interface with experiment.

4.2 Quantum chromodynamics

We turn now to the part of the Standard Model
that describes strong interactions, namely QCD.
Here non-perturbative effects are more significant
since the coupling strength is large at or below the
theory’s typical energy scale Λ. Sub-processes tak-
ing place much above this scale can be accurately
computed using perturbation theory, but such a
feat is much more difficult for any non-perturbative
part of a physical process. As the perturbative com-
putation applies at the quark-gluon level, while
confinement causes externally observed states to
be colour-singlet hadrons, there is really no exper-
iment which tests the perturbative part alone.

Fortunately, QCD has an associated feature
called factorization which allows one to sepa-
rate rather cleanly the perturbative and non-
perturbative contributions to a physical process
involving large transverse momenta. Inspired by
ideas from Feynman, Bjorken, Field, Altarelli,
Parisi and others, a methodology [19] for this has
indeed been developed over the years. In this proce-
dure non-perturbative effects, involving the inter-
face between quarks/gluons on the one hand and
hadrons on the other, can be bunched into quark
and gluon ‘distribution’ and ‘fragmentation’ func-
tions. These are not calculable in perturbation
theory, but can be argued to depend on specific
dimensionless kinematic variables, defined vis-à-
vis a specific hadron. These functions multiply the
perturbative parts of the relevant cross-section for
a scattering process. In addition, there are ‘split-
ting functions’, describing quark-gluon transitions,
which can be computed in perturbative QCD.

By cleverly combining various measurable quan-
tities, one is able for certain processes to isolate
to a large extent the perturbative contribution to
a given process. Thus for this contribution, theory
can be compared with data. It has further been
possible to parametrize the non-perturbative dis-
tribution and fragmentation functions in terms of a
few parameters which can be fixed from the wealth
of available data on hadronic processes. More-
over, renormalization group effects, mentioned ear-
lier, make these functions evolve with energy in a
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Figure 5. Variation of αs with energy (from J Iliopoulos,
arXiv:0807.4841).

precise way predicted by perturbative QCD; this
behaviour has been [19] checked by comparison
with experiments performed at different energies.
Researchers have thus gained confidence in extra-
polating those parametric functional forms to much
higher energies as will be probed at the LHC.

But there is a difficulty even in the domain
of perturbative effects. The magnitude of αs, the
QCD coupling, is not so small at the energies that
are available today. Thanks to asymptotic freedom,
αs does decrease to about 0.1 at an energy scale of
100 GeV, but it shoots up rapidly below that scale,
becoming as large as 0.35 at 1 GeV. Thus in the
multi-GeV regime where one would like to com-
pare with experiment, lowest-order calculations are
hopelessly inadequate. Therefore theoretical calcu-
lations have to take subleading contributions into
account. That still leaves higher-order effects as
well as non-perturbative effects, which together
contribute sizable uncertainties. It is therefore
highly gratifying that the result does match [13]
the data within estimated uncertainties and exper-
imental errors. There are many other instances of
(quantitatively less precise) agreement of theoret-
ical computations using perturbative QCD with
experimental data at some tens of GeV. In sum-
mary it is fair to say that there is broad, though not
very precise, agreement between perturbative QCD
calculations and the relevant experimental data.

Let us now come to non-perturbative aspects
of QCD. Although perturbation theory cannot be
used, there exist other methods which have had
varying degrees of success, including the study
of effective theories, sum rules, potential models,
etc. But the most fundamental non-perturbative

approach to QCD is the discrete formulation called
lattice gauge theory [20]. Pioneered by K Wilson in
1974, this technique involves setting up a Euclidean
version of QCD (i.e., with imaginary time) on a
discrete lattice in four dimensions. Quarks are put
on lattice sites and gluons treated as links between
quarks at adjacent sites. The lattice spacing a plays
the role of a regulator with a−1 being proportional
to the high momentum cut-off while the lattice
size provides a practical infrared cut-off. Functional
integrals corresponding to various physical quan-
tities are then evaluated using Monte Carlo tech-
niques which maintain gauge invariance.

The idea is to calculate dimensionless combina-
tions of the lattice spacing with those quantities
for smaller and smaller spacings, eventually being
able to make some statements in the limit when
the spacing vanishes. Initial difficulties in treat-
ing quarks dynamically had led to the use of a
‘quenched’ approximation in which quark loops
were ignored. But the availability of fast, dedi-
cated supercomputers as well as of more powerful
algorithms and a better understanding of cut-
off effects, have enabled unquenched simulations
with quarks being treated dynamically. There
are a variety of approaches (Wilson fermions,
Kogut–Susskind staggered fermions, Ginsparg–
Wilson fermions, etc.) in which successful attempts
have been made towards evaluating physical quan-
tities. One should emphasize here that lattice QCD
calculations have long overcome their initial quan-
titative unreliability and today represent a rather
precise science. To be sure, there are errors – due to
finite lattice size, discretization, light quark-mass
corrections, etc. But these are much better under-
stood now and can be kept controllably small –
down to a few per cent.

There have been basically two different types of
lattice QCD simulations, those at temperature T =
0 and those at T > 0. For the former one now has a
range of precise lattice simulations, many of whose
results are included in the tables of the Particle
Data Group [21]. With a rather small number of
input parameters, these provide a decent fit [22]
to the observed hadron mass spectrum, including
heavy flavoured mesons and ground plus excited
states of different quarkonia [23] as well as their
level splittings. Another important milestone has
been the calculation [24] of αs at the Z mass pole
near 90 GeV, which agrees to within a per cent with
the experimental value from the LEP machine.

Among other successful calculations, mention
can be made of the decay constants of certain
metastable mesons and form factors describing
strong interaction effects on the distributions of
the final-state particles in those decays, as well
as matrix elements in K- and B-meson systems
relevant to the study of CP violation and the
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consequent extraction of the Cabibbo–Kobayashi–
Maskawa mixing parameters mentioned earlier.
In addition, very useful calculations have been per-
formed of the distribution and fragmentation func-
tions that were discussed above. A spectacular
success has been the prediction [24] of the mass
(∼6.3GeV) of a Bc meson, composed of a bottom
quark and a charm antiquark, which was experi-
mentally measured [25] a year later and agrees to
within a per cent.

We turn next to lattice simulations at finite [26]
temperature. The most important discovery in this
type of investigation has been that of deconfine-
ment. We had mentioned earlier that at zero tem-
perature, the flux tube between coloured objects
has roughly constant tension corresponding to a
linear potential at distances larger than a femtome-
ter. At T > 0 the slope of the potential is found
to decrease until it vanishes at and above a critical
temperature T = Tc. At Tc, a phase transition to a
state of colour deconfinement takes place.

The order of this transition as well as the perti-
nent critical parameters are found to depend sen-
sitively on the chosen number of quark flavours
Nf and on the masses of the quarks considered.
We know that the charm, bottom and top quarks
are much heavier than the rest. A reasonable pro-
cedure would be to assume that they decouple from
phenomena for which the relevant scale is a few
hundred MeV. So one can ignore them and take
Nf to be 2 + 1, i.e., two light up- and down-quarks
and one heavier strange quark. Lattice simulations
then show [27] that the deconfining phase transi-
tion is second-order, with Tc ∼ 175MeV.

An active area of research concerns the behavi-
our of the confining flux tube with density. The
confined and deconfined phases are found to be
separated by a cross-over line at small densities,
but by a critical line at high densities. There is
also indication of the presence at high densities
of a colour superconducting phase, with bosonic
di-quarks acting as Cooper pairs. Making these
results more reliable and quantitatively accurate is
an important goal for those working on this prob-
lem. It will significantly sharpen the interpretation
of data from current and future heavy-ion collision
experiments discussed below.

One of the major arenas of the application of
finite temperature QCD is relativistic heavy-ion
collisions [28] where the effects of deconfinement
can be studied and the formation (or not) of a pro-
posed quark-gluon plasma (QGP) phase [29] can
be checked. Phenomena associated with such col-
lisions, are presently being studied at the Rela-
tivistic Heavy Ion Collider (RHIC) at Brookhaven.
These studies will be extended to higher densities
and energies at the LHC. RHIC data already show
the suppression of back-to-back correlations in jets

from central Au–Au collisions. This has been inter-
preted as due to the formation of a hot and dense
bubble of matter absorbing the jet that crosses
it. The produced hot matter shows strong collec-
tive effects. This is evident from the observed ellip-
tic [30] nature of the flow of final-state hadrons.
The latter is characteristic of a perfect liquid
with near zero viscosity, rather than a gas which
would have led to a spherical flow. Coupled with
other related bits of evidence from various pat-
terns among the final-state hadrons, the follow-
ing broad view about the hot and dense object
formed has taken shape. A medium of coloured
particles is surely being produced at RHIC with
high density and temperature; it then expands
as a near-ideal liquid. There is, however, seri-
ous doubt as to whether this medium is truly
the much sought after QGP. Hopes of definitive
QGP formation and its observation, for instance,
through a clear suppression of heavy quarkonium
production, now lie with the ALICE detector at
the LHC.

5. Inadequacies of the Standard Model

5.1 Neutrinos

Any impression from the above discussions that
the Standard Model is doing fine with respect
to all experimentally studied phenomena in high
energy physics would be incorrect. Indeed, a chink
in its armour has already been found in neu-
trino physics. Recall that a neutrino is weakly
interacting and can travel quite a long distance
in matter before being absorbed. Neutrinos exist
in three flavours: electronic, muonic and tauonic.
They do not have strong or electromagnetic inter-
actions, but couple to the W± and Z bosons with
gauge coupling strengths of the electroweak the-
ory, enabling them to participate in weak processes.
Therefore, a neutrino is usually produced in com-
pany with a charged lepton of the same flavour,
in a weak reaction mediated by W±. It can be
detected in a large-mass detector by any tech-
nique utilizing the inverse of such a reaction,
namely an incident neutrino scattering from a tar-
get in the detector and leading to the produc-
tion of a charged lepton which can be observed
directly.

It was mentioned earlier that neutrinos were
assumed to be massless and therefore right-chiral
neutrinos were simply absent in the Standard
Model. But there is now indirect but quite convinc-
ing experimental evidence that some of the neutri-
nos do have masses. However, those are extremely
tiny (sub-eV) compared to the masses of the other
particles. As a result, some mechanism beyond the
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Figure 6. Neutrino oscillations. The figure shows two neutrino flavour waves in a beam, as well the resulting flavour
oscillation probability.

Standard Model needs to be invoked to generate
those masses.

It is found experimentally that neutrinos
undergo oscillation based on flavour conversion.
The latter is a phenomenon in which a neutrino
of one flavour spontaneously converts itself into
another of a different flavour (and back) during free
propagation (figure 6). This behaviour is known
in field theory and arises whenever eigenstates of
mass are not eigenstates of flavour, which in turn
can happen when the mass terms involve ‘mixing’.
In the neutrino sector there is substantial mix-
ing (see figure 7). Thus in a neutrino beam, the
different flavour components oscillate sinusoidally
among themselves as a function of the distance tra-
versed divided by the beam energy. The function
also depends on the difference of squared masses of
the two neutrinos participating in the flavour oscil-
lation. The experimental evidence for flavour oscil-
lation [30] comes from a variety of sources, namely
the sun, the atmosphere (where the neutrinos are
decay products of mesons produced by the aer-
ial interactions of highly energetic primary cosmic
rays) as well as a number of nuclear reactors on
the ground. On analysing all these data, a consen-
sus has emerged [31] today that at least two of the
three known neutrinos carry sub-eV masses. Thus
the Standard Model has to be modified to include
right-handed neutrinos and a neutrino mass term
has to be added to its Lagrangian.

At present only the differences in squared
masses, Δm2, rather than the actual masses, of
the neutrinos have been determined by studying
oscillations. For one pair of neutrino flavours, solar
and reactor experiments fix Δm2 to be about
8×10−5 eV2 including a definite value for the sign.

Figure 7. Possible mass patterns of the three neutri-
nos. The left (right) panel describes a normal (inverted)
mass hierarchy with m2

3 greater than (less than) m2
1, m

2
2.

The shadings represent the amounts of flavour mixing (from
A deGouvea, arXiv:0902.4656).

For another pair of flavours, atmospheric neutrino
studies measure |Δm2| to be about 2.5 × 10−3 eV2

but they do not determine the sign. These measure-
ments enable us to deduce lower bounds of about
0.05 eV and 0.009 eV for the masses of two of the
neutrinos. Other planned experiments on nuclear
beta decays hope to measure different combina-
tions of the three neutrino masses. Meanwhile, all
three neutrinos have been found to mix signifi-
cantly among themselves. Two of the three possible
mixing angles are now known reasonably accu-
rately to be large (∼34◦ and ∼45◦), while the
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yet undetermined third angle is bounded above
by 13◦.

Neutrinos, if stable, form the yet undiscovered
‘hot dark matter’ in the Universe (here ‘hot’ means
having a relativistic Fermi–Dirac velocity distri-
bution). We shall have more to say on dark matter
below, but strong constraints do exist on hot dark
matter from cosmological observations. In particu-
lar, they imply an upper bound on the sum of the
masses of the three neutrinos. There is presently
some controversy about the precise value of this
bound depending on which set of cosmological data
one chooses. However, an upper bound of about
0.6 eV on the sum of the three masses is widely
accepted.

Much remains to be found in the neutrino sec-
tor: their actual masses, the mass ordering (i.e.,
whether the pair involved in solar neutrino oscil-
lations is more or less massive than the remaining
state, see figure 7), the value of the yet unmea-
sured mixing angle, more definitive evidence of
neutrino oscillation, more accurate values of the
mixing parameters, etc. Another intriguing ques-
tion is whether CP is violated in the neutrino sec-
tor in the way it has been found to be violated in
the quark sector or otherwise. This issue may have
profound implications for the generation in the
early Universe of the cosmological baryon asymme-
try observed today. To unravel the several remain-
ing mysteries surrounding neutrinos, a number
of experiments, including one at the forthcoming
India-based Neutrino Observatory [32], have been
planned and major new results are expected in a
few years.

Their tiny sub-eV values suggest that the masses
of neutrinos have an origin different from those of
other elementary fermions, the quarks and charged
leptons. The latter masses are much bigger, ranging
from about half an MeV for the electron to nearly
170 GeV for the top quark. Now the striking dif-
ference between neutrinos and all other elementary
fermions is that the former are electrically neutral
while the latter are all charged. For charged fermi-
ons, the only possible mass term is one that links
the left-chiral particle to an independent right-
chiral particle. However, for a neutral particle such
as the neutrino, it is possible to write a mass
term that links a left-chiral particle to its own
antiparticle (which is of course right-chiral). This
is known as a ‘Majorana mass’, and it violates
lepton number conservation since a particle with
such a mass can spontaneously turn into its own
antiparticle.

Now because the Standard Model admits
left-handed doublet fermions and right-handed
singlets, allowing Majorana masses means that
neutrinos in a single generation can have a 2 × 2
symmetric matrix of mass terms. The diagonal

terms are Majorana masses which link the left- and
right-handed neutrinos with their own antiparti-
cles, while the off-diagonal one is the conventional
‘Dirac’ mass term linking left- and right-handed
neutrinos to each other through the Higgs field:

(
mMaj,L mD
mD mMaj,R

)
.

A particular structure for this mass matrix nat-
urally produces, via a ‘see-saw mechanism’ [33],
Majorana neutrinos with tiny masses. This mecha-
nism works as follows. Arguments based on unified
theories of quarks and leptons, which we will dis-
cuss later, suggest that mD is of the same order
as the masses of other elementary fermions, say a
GeV. The right-chiral neutrino, being a singlet of
the electroweak gauge group, can have an arbitrar-
ily large Majorana mass, say 109 GeV. Meanwhile
the left-chiral neutrino, being in an SU(2) doublet
with a charged lepton, must have a vanishing Majo-
rana mass. Thus the neutrino mass matrix turns
into: (

0 m
m M

)

with m�M . Diagonalizing this matrix gives us
two physical neutrinos with Majorana masses that
are approximately m2/M and M . Thus one neu-
trino has a non-zero but extremely tiny mass that,
with our assumptions, naturally comes out to be
sub-eV as desired. The other neutrino is very
heavy, with a mass M ∼ 109 GeV.

Not only does this naturally provide ultralight
neutrinos, but the accompanying superheavy neu-
trinos have a desirable phenomenological conse-
quence. The decays of such heavy right-chiral
Majorana neutrinos could have triggered the gen-
eration of the cosmological lepton asymmetry,
leading eventually via sphalerons to the baryon
asymmetry observed in the Universe today. This is
called baryogenesis via leptogenesis [34]. In order
to extend the see-saw mechanism to the observed
three flavours of neutrinos, each of the masses men-
tioned above needs to be turned into a 3×3 matrix
in flavour space. The mechanism goes through,
but it is still a major challenge to reproduce the
observed neutrino mixing pattern.

The elegance of the above see-saw mechanism
notwithstanding, the issue of the Majorana vs.
Dirac nature of the neutrino needs to be addressed
directly. Indeed, a theoretical see-saw mechanism
has been proposed [35] for Dirac neutrinos also.
Because massive Majorana neutrinos violate lepton
number conservation, the laboratory observation of
a lepton non-conserving process in which the neu-
trino plays a role would clinch the issue in their
favour. Such a ‘gold-plated’ process is neutrinoless
nuclear double beta decay [36].
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Ordinary beta decay of a nucleus involves an
increase in the atomic number (charge) with no
increase in atomic mass, since it is due to the
process:

n→ p+ + e− + ν̄e.

Double beta decay increases the atomic number
by two units. In the normal version of this decay,
two neutrons in the parent nucleus simply decay
simultaneously. The final state then contains two
electrons and two (anti)-neutrinos. However, with
Majorana masses there is the possibility for these
two anti-neutrinos to annihilate each other (since
the mass term converts an anti-neutrino back to
a neutrino). The final state then has two elec-
trons but no neutrinos. The observation of such a
process would be convincing evidence for Majorana
neutrinos.

This proposed lepton number violating decay
is extremely rare, with a calculated half-life in
excess of 1026 years, and indeed has not so far
been observed. Present limits, however, are close
to values expected from putative sub-eV neutrino
Majorana masses. More probing experiments [37]
are currently under way with 76Ge, 130Te and 100Mo
nuclei, while there are plans to use the nucleus
136Xe in a forthcoming experiment. There is also an
Indian proposal [38] to look for any possible neu-
trinoless double beta decay of the 124Sn nucleus.

5.2 The flavour puzzle

One of the puzzling features in the fermion spec-
trum of the Standard Model is the fact that quarks
and leptons come in three families or ‘flavours’.
Each lepton family consists of a left-chiral doublet
containing a charged lepton and the corresponding
neutrino, along with the corresponding right-chiral
leptons that are singlets of SU(2). Similarly, each
quark family consists of a left-chiral doublet con-
taining an up-type and a down-type quark, and
right-chiral singlets of SU(2). However, we must
remember that all quarks are also triplets of the
colour SU(3) group.

Each family has identical gauge interactions. The
only differences seem to be in mass, the second
family being heavier than the first and the third
heavier than the second. What could be the pur-
pose of this flavour multiplicity? The answer to this
question clearly lies beyond the Standard Model,
which treats flavour in a mechanically repetitive
way. At the root of the puzzle presumably lies some
new, yet-undiscovered flavour symmetry.

Of course, the flavour eigenstate fermionic fields
have mixed Yukawa couplings across families.
As we have explained, fermion mass terms arise
from these couplings when the neutral Higgs field
in them is replaced by its vacuum expectation

value. As a result, the fermion mass terms involve
3 × 3 non-diagonal complex matrices in flavour
space – leading to non-trivial mixing among the
differently flavoured fermions described by a uni-
tary transformation. The effects of quark mixing
have been seen in transitions such as

s+ d̄→ μ+ + μ−, b→ s+ γ, b→ s+ μ+ + μ−

observed in decays and mixings of heavy flavoured
mesons.

On the other hand, leptonic mixing has
been studied in neutrino oscillation experiments.
As mentioned earlier, the observed mixing patterns
are very different for the quark and lepton sectors:
a feature not completely understood yet. However,
one thing is quite clear. The physical information in
the 3×3 unitary matrix which describes quark mix-
ing is contained in three pair-wise mixing angles
and one phase, all of which have been measured.
In particular, the phase, whose magnitude is in
the ballpark of 45◦, is responsible for the viola-
tion of the CP symmetry which has been observed
in K- and B-mesonic systems in broad agree-
ment with the prediction of the Standard Model.
As mentioned earlier, three is the minimum num-
ber of families to have allowed such a phase. Hav-
ing only two families would have yielded a single
mixing angle (the Cabibbo angle) leading to a CP-
invariant world. Now as observed by Sakharov, CP
violation is one of the requirements for baryogene-
sis, being crucial to the formation of the presently
observed baryon-asymmetric Universe and hence
life as we know it. Thus, one can give an anthropic
argument for the existence of at least three families
of elementary fermions.

There has been much speculations [39] in the lit-
erature about the nature of the flavour symmetry
group which we call Gf . The idea generally is to
postulate some extra scalar fields, called ‘flavon’
fields φ, which transform non-trivially under Gf .
The latter is supposed to be spontaneously bro-
ken by a set of small dimensionless parameters 〈Φ〉
which can be interpreted as ratios between vacuum
expectation values of some flavon fields and a new
cut-off scale Λf . The Yukawa couplings Y of the
Standard Model and the emergent fermion mass
matrices Mf can be thought of as functions of 〈Φ〉
and can be expanded as a power series in it.

In such an expansion, the lowest terms will
yield just the Standard Model expressions; but
the next terms will involve dimension-six operators
scaled by two inverse powers of Λf . If Λf is much
larger than the electroweak scale, we shall practi-
cally not see anything much beyond the Standard
Model masses and couplings. However, if there is
new physics in the flavour direction at a much
closer energy scale M , lying say between 1 and
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10 TeV, these operators will show up in a variety
of flavour-violating processes such as radiative lep-
tonic decays

μ→ e+ γ, τ → μ+ γ, τ → e+ γ

as well as in non-zero electric dipole moments
of the electron and the muon together with new
contributions to their magnetic dipole moments.
New experimental quests to observe the said radia-
tive leptonic decays as well as any possible elec-
tric dipole moments of charged leptons are being
made continuously. Furthermore, there are steady
efforts to quantitatively improve our knowledge of
the electron and muon magnetic dipole moments.
All these efforts hold the real possibility of uncov-
ering new flavour physics.

5.3 The cosmological dark matter issue

It is now known that nearly a quarter of the energy
content of the Universe is due to a form of dis-
tributed matter that has gravitational interaction
but is dark, i.e., non-luminous and electrically neu-
tral. This was inferred initially from the observed
rotation rates of galaxies which are faster than can
be accounted for by the gravitational pull of all
visible matter in the sky. More recently, sophis-
ticated studies of both large-scale structure and
temperature anisotropies in the cosmic microwave
background have confirmed this conclusion. In fact,
they have put it on a firmer and more quantitative
basis by being able to estimate the abundance of
this dark matter.

The most natural explanation of the latter is
the pervasive presence of some new kind of sta-
ble or very long-lived particle(s) without strong
and electromagnetic interactions. (If dark matter
had strong interactions, that would have interfered
unacceptably with the nucleosynthesis process
which took place within seconds of the Big Bang
in which the Universe originated.) Such a particle
does not exist in the Standard Model. Its presence
would therefore require an extension of the model.
Other explanations, such as many massive compact
brown dwarfs or some different kind of clumped
matter distribution, have been disfavoured in the
wake of gravitational lensing studies [40] on two
merged galactic concentrations in the Bullet Clus-
ter, and the observed paucity of massive compact
halo objects (MACHOS) [40a]. The lensing studies
have clearly resolved the separation between the
distribution of gravitational mass from that of the
luminous mass of those two merged galaxies.

Apart from determining the dark matter abun-
dance, the above-mentioned observations also tell
us that dark matter is ‘cold’, i.e., having a non-
relativistic Maxwellian velocity distribution. That

fits in nicely with the supposition that it is a
‘weakly interacting massive particle’ or WIMP.
In many theories which go beyond the Standard
Model in the light of its other inadequacies, such
a particle occurs naturally – typically in the mass
range from a few tens to a few hundreds of GeV.
If it has weak interactions, it should be produca-
ble (probably as a pair) at the LHC. It may quite
possibly arise as one of the products of the weak
decays of some other heavier exotic particles which
are pair-produced from the proton–proton collision
at the LHC.

However, once the dark matter particle is pro-
duced, it would escape the detectors without any
signal, rather like a neutrino. The major differ-
ence from a neutrino would be the larger miss-
ing energy and momenta in the experiment that
would be carried off by a dark matter particle.
This in fact is the telltale signature of a WIMP
at the LHC and the planned International Lin-
ear Collider (ILC) [41] which aims to collide e+e−
beams at sub-TeV to TeV centre-of-mass energies.
If dark matter indeed consists of WIMPs, the lat-
ter are expected to be whizzing around everywhere
and more intensely in galactic halos because of
their mass. Experiments are currently in progress
[42] trying to detect these by scattering them via
weak interactions from appropriate target materi-
als and studying the recoil effects. The expected
cross-section is at a picobarn level. One group has
even made a claim to have seen such scattering
events, but there has been no confirmation in other
searches.

Another approach might be to detect high
energy neutrinos or gamma rays from the annihila-
tion of two WIMPs which have come close to each
other at the centre of a massive star like the Sun
by its gravitational pull. Continuous improvements
are taking place in the sensitivities of the detec-
tors employed in world-wide search efforts seeking
WIMPs and new information is expected soon.

5.4 Hierarchy problem

The Higgs particle and its mechanism, needed to
successfully generate the observed masses of the
weak vector bosons W± and Z, is crucial to
the electroweak sector of the Standard Model.
As described earlier, the Higgs potential is chosen
to be minimized for a suitable non-zero value of the
field. This expectation value then provides masses
to the fermions and the gauge fields. In this process
some of the original Higgs field disappear to make
up the extra polarizations of the massive gauge
bosons, but at least one Higgs field is left over. This
too gets its mass from its own vacuum expectation
value.
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At the classical level, the above proposal makes
good sense. But problems start to arise in the
Higgs sector when one tries to take quantum
loop corrections (and hence renormalization) into
account, precisely what the model was constructed
to enable. Masses of elementary scalar fields are
unstable under quantum corrections, in stark con-
trast to fermion masses. The latter are ‘pro-
tected’ by an approximate continuous symmetry
called chiral symmetry. This symmetry ensures
that fermions that are classically massless are also
massless in quantum theory, as a result of which if
they are assigned small masses classically (break-
ing chiral symmetry) then their quantum masses
will also be of the same order. This holds true even
if the theory is extended all the way to the Planck
scale, the ultimate scale beyond which we can-
not ignore quantum gravity – so fermions do not
acquire Planck scale masses upon renormalization
of the theory.

In contrast, the mass of the Higgs scalar in the
Standard Model is unprotected by any symmetry.
The cut-off dependence of the quantum correction
to the scalar (mass)2 is quadratic, with a coefficient
that is insensitive to that mass itself. Thus if one
makes the reasonable requirement that the quan-
tum correction to the mass should not be too large
as compared with the original mass, one is obliged
to keep the cut-off within an order of magnitude
of the mass, which in the case of the electroweak
theory is about a TeV.

Alternatively, if we extend the theory to the
Planck scale then the natural value of the Higgs
mass will be the Planck scale, contradicting the fact
that the Higgs mass is bounded by experimental
constraints within a range much below the Planck
scale. Of course, in a technical sense the renormal-
ization procedure can be chosen to fix the physi-
cal Higgs mass to any value we like and place it
in the range where it is experimentally required
to be. However, this amounts to ‘fine-tuning’ since
in the cut-off theory the Higgs mass would be of
the order of the cut-off and one would then have
to finely tune the bare parameters, to roughly one
part in 1017, to make the Higgs mass desirably
small in terms of renormalized parameters. More-
over, this procedure would need to be repeated
order by order in perturbation theory, making the
theory exceedingly ugly and unnatural at the very
least.

This problem of the Standard Model is called the
‘naturalness’ or ‘hierarchy’ problem. In fact, a prin-
ciple of naturalness has been enunciated [43] that,
unless there is a symmetry that makes the coeffi-
cient of the cut-off term vanish, it should generally
be non-zero. Since the expected Higgs mass is of
the order of 100 GeV, the hierarchy problem can be
interpreted to say that the Standard Model is only

valid to within an order of magnitude of that, i.e.,
around a TeV or so. That then is the energy scale
at which the Standard Model would be expected
to break down with the emergence of new physics.
This is just the energy range that the LHC is going
to probe.

6. Physics beyond the Standard Model

6.1 Supersymmetry

Supersymmetry is a proposed symmetry [44] trans-
forming fermions into bosons and vice-versa. The
fact that it changes the spin of a particle makes
it differ from the many other internal symme-
tries occurring in particle physics in a number of
ways. Since spin is basically the eigenvalue of angu-
lar momentum, supersymmetry does not commute
with angular momentum. Instead, it transforms as
a fermionic operator carrying a spin of 1

2
�. There-

fore, it obeys anti-commutation rather than com-
mutation relations. Finally, it can be shown that
the anti-commutator of two supersymmetries when
acting on a field φ produces the space-time deriv-
ative ∂μφ. This amounts to a translation. Indeed,
supersymmetry is the only ‘internal’ symmetry
that is intimately linked with space-time symme-
try in this way.

There is no obvious experimental reason why
supersymmetry has to be a property of nature. For
example, no two elementary particles in the Stan-
dard Model are, or potentially could be, related
by supersymmetry. This follows simply from the
fact that all internal quantum numbers, including
the gauge group representations, of any two super-
partners must be identical (as supersymmetry com-
mutes with other internal symmetries). But in the
Standard Model, the gauge particles are in the
adjoint representation while the fermions are all in
fundamental representations. That leaves only the
Higgs particle as a possible member of a supersym-
metric pair, but it too can be shown not to pair up
with any of the known fermions.

Nevertheless, as we will explain below, there are
pressing reasons why supersymmetry is likely to
be an approximate symmetry of nature. In this
scenario, the Standard Model must actually be
extended by adding a new, as yet undiscovered
elementary particle for every known particle. The
‘superpartner’ of a known particle is sometimes
called a ‘sparticle’. The superpartner of a spin-1
gauge boson is a spin-1

2
fermion called a ‘gaug-

ino’ (for example, the existing gluon and the pro-
posed gluino would be superpartners). Similarly,
each quark or lepton of a definite chirality has a
complex scalar as its superpartner. For example,
the existing left-chiral electron would have as its
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superpartner a ‘left-selectron’. This terminology is
admittedly confusing, for the selectron – being a
scalar – has no chirality; it is merely the partner of
a left-chiral particle.

In this way the Standard Model can be extended
into a Supersymmetric Standard Model contain-
ing a number of sparticles. If supersymmetry were
exact, these would have had the same masses as the
ordinary particles, in evident contradiction with
observation; if there were a spinless ‘selectron’ with
the same mass as the electron and similar interac-
tions as dictated by supersymmetry, it would surely
have been detected by now. So if supersymmetry is
to be present we must further postulate that super-
symmetry is a ‘broken symmetry’, which allows
the masses of a pair of superpartners to be split.
The splitting will be characterized by a mass scale
(call it Ms). So typically, in this hypothetical sce-
nario, all the yet-unobserved sparticles have masses
of order Ms larger than the masses of the known
particles and are likely to be discovered once our
accelerator energies are able to access that scale.

One can take issue with the supersymmetry idea
on grounds of elegance: why assume so many extra
states? This, however, is an old game in physics.
Recall that Dirac postulated an antiparticle to
every particle so as to be able to reconcile spe-
cial relativity with quantum mechanics. Similarly,
rotational symmetry, and the consequent proper-
ties of angular momentum in quantum mechan-
ics, lead effectively to a doubling of electron states
as evidenced by the Stern–Gerlach experiment.
Therefore, it is not a priori absurd to accept that
a particular symmetry causes a doubling of the
spectrum of particles by invoking sparticles. The
real question is: what does one gain by postulat-
ing supersymmetry, and how can the postulate be
tested?

There are actually several advantages of a super-
symmetric scenario. Let us go through them one
by one.

(1) Supersymmetry offers a satisfactory resolution
[45] of the naturalness or hierarchy problem
of the Standard Model that was discussed in
a previous section. As we explained, the root
cause of this problem was that quantum loops
induce a large correction to the Higgs mass.
However, in supersymmetric theories, for every
quantum loop contribution induced by a vir-
tual bosonic particle, there is a corresponding
loop contribution of opposite sign induced by
its superpartner. Hence the dangerous correc-
tion gets cancelled and is absent.

Since supersymmetry, if present in the real
world, is badly broken, the argument has to be
extended to cover that case. Certain types
of supersymmetry breaking terms in a theory

(so-called ‘soft’ terms) preserve the good
effects discussed above and continue to
‘protect’ the Higgs boson from dangerous
quantum corrections to its mass. In this way we
are able to use supersymmetry to cure the hier-
archy problem while at the same time treat-
ing it as a broken symmetry in agreement with
observation.

This balancing act, however, works only
upto a point. If the sparticle masses are sig-
nificantly more than an order of magnitude
beyond the weak scale of ∼100GeV, one
begins to again encounter a naturalness prob-
lem. This puts an upper bound on the extent
of supersymmetry breaking one can accept if
the hierarchy problem is to be cured by it.

(2) Supersymmetry can dynamically trigger the
Higgs mechanism which is crucial to the gen-
eration of all masses in the Standard Model.
Choosing a potential with a minimum away
from zero, so that the Higgs field develops a
non-zero expectation value, is rather ad hoc
in the Standard Model. Such is not the case
if one has supersymmetric extensions of the
Standard Model, which require (at least) two
complex Higgs fields in doublet representations
of SU(2). One of these is called Hu because
it generates masses for the up-type fermions,
while the other is called Hd and does the same
job for the down-type fermions.

Now the superpartner of the top quark (the
heaviest quark), known as the ‘stop’, can via
renormalization group effects flip the sign of
the mass term in the potential for Hu from
positive in the ultraviolet to negative in the
infrared, turning it over at an energy not
far above 100 GeV. This then naturally leads
to a non-zero minimum of the Higgs poten-
tial generating the desired expectation value.
This feature of the supersymmetrized Stan-
dard Model is called radiative electroweak
symmetry breaking, and is hard to arrange
without supersymmetry.

(3) Supersymmetry provides a candidate for cos-
mological cold dark matter. It is natural,
though not compulsory, in supersymmetric
models to have a discrete symmetry called
‘R-parity’ which is exact. R-parity does not
commute with supersymmetry, therefore it
acts differently on known particles and spar-
ticles. Indeed, while all particles are even
under it, every sparticle is odd. Conservation
of R-parity then implies that sparticles are
produced and annihilated only in pairs. Each
produced sparticle will decay into lower mass
sparticles and particles, with the decay chain
ending at the ‘lightest sparticle’ (LSP). This
particle, usually designated χ̃, has to be stable
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in isolation as R-parity allows it to annihilate
only in pairs.

The same processes would have happened
in the early Universe, leading to a sub-
stantial presence of these stable χ̃-particles
which would linger today as dark matter. One
now knows the relic density of dark mat-
ter quite accurately from cosmological obser-
vations. In most supersymmetric models, the
LSP is a neutral Majorana fermion which does
not have strong or electromagnetic interactions
but does interact via the weak interactions.
That makes it an ideal cold dark matter can-
didate. Two χ̃’s can annihilate via a virtual Z
boson or a virtual sfermion producing a mat-
ter fermion (quark or lepton) and its antipar-
ticle. This thermal-averaged cross-section can
be calculated for the early Universe and from
that the χ̃ relic density in the cosmos can be
derived. Assuming a χ̃ mass of about 100 GeV
and the weak couplings of the Supersymmet-
ric Standard Model, the calculated relic den-
sity turns out to be in remarkable agreement
with that deduced from cosmological observa-
tions [45a].

(4) Supersymmetry provides a framework for the
inclusion of gravity along with the other
interactions. We have already mentioned that
two supersymmetry transformations produce
a translation. Now suppose one wants to con-
sider ‘local’ supersymmetric transformations,
i.e., those in which the parameters are arbi-
trary functions of space-time rather than con-
stants. Inevitably their anti-commutator will
lead to local translations, but these are just
equivalent to general coordinate transforma-
tions. It follows that local supersymmetry
requires gravity, and in a theoretical sense is
more fundamental than gravity!

Local supersymmetry is often called ‘super-
gravity’ and its fields are the graviton field
of spin-2 along with a superpartner of spin-3

2
called the ‘gravitino’. Since the graviton is
necessarily massless (corresponding to gravity
being long-range), exact supersymmetry would
have rendered the gravitino massless as well.
Fortunately the supersymmetry breaking we
have already invoked for other reasons gives it
a mass.

As far as we know, supergravity theo-
ries are not renormalizable and therefore
by themselves cannot provide an acceptable
framework for quantum gravity. However,
Superstring Theory, which we discuss below,
is well-defined in the ultraviolet and gives rise
to supergravity coupled to matter fields as
an effective field theory at energies below the
Planck scale.

(5) Supersymmetry leads to a high scale unifica-
tion of the three gauge coupling strengths asso-
ciated with the gauge groups SU(3), SU(2)
and U(1) in the Standard Model. We shall have
more to say on this issue later, but here we
briefly describe it only to highlight the role
of supersymmetry. The speculation has existed
for some time that at a suitably high energy
the strong, weak and electromagnetic interac-
tions may unify into a single gauge theory with
a simple gauge group and a single coupling
strength. This proposal is known as ‘grand uni-
fication’.

The viability of this proposal can actually be
tested using known experimental facts and the
renormalization group. We know the magnitudes
of the three relevant coupling strengths fairly
accurately at laboratory energies around 100 GeV.
Their energy dependence, on account of renormali-
zation group running, can be reliably calculated in
perturbation theory in the weak coupling regime
which covers the energy range from 100 GeV to
the Planck scale. When this is done in the Stan-
dard Model and the corresponding inverse fine
structure couplings (αi)−1, i = 1, 2, 3 (see figure 8)
are evolved to high energies, it is found that the
three curves do not intersect at a single energy, as
required by the idea of grand unification. When
the corresponding exercise is carried out in the
supersymmetric extension of the Standard Model,
the curves are different because of contributions
from sparticles. Assuming the supermultiplet split-
ting scale Ms to be O(TeV), the three curves now
intersect together (see figure 8) beautifully at a uni-
fication scale of about 2 × 1016 GeV. Thus grand

Figure 8. The running of the αs in the non-supersym-
metric (dashed lines) and supersymmetric (continuous lines)
cases. The double lines for the latter indicate the uncertainty
in the calculations (from J Iliopoulos, arXiv:0807.4841).
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unification seems to work most naturally in the
presence of supersymmetry!

Having presented the various motivations for
supersymmetry, let us now discuss the simplest
supersymmetric extension of the Standard Model.
This is known as the Minimal Supersymmetric
Standard Model (MSSM). Here the Higgs sector
is extended, as explained earlier, from one com-
plex SU(2) doublet to two, and these along with
all the other particles of the Standard Model are
given superpartners. Moreover, the conservation of
R-parity is assumed. After working out the Higgs
mechanism, three of the eight real particles disap-
pear (becoming polarization modes of the W±, Z).
That leaves five physical Higgs particles: a pair of
charged ones H± and three neutral ones denoted
h, H and A. Of these, the first two are even under
the CP transformation, while the third is odd.

The supermultiplet splitting scale Ms is cho-
sen to be in the range of a TeV, though there is
expected to be a spread in sparticle masses and the
LSP could well be as light as 100 GeV. There are
eight gluinos of identical mass, matching the eight
gluons. The physical mass eigenstates are actually
‘mixtures’ of electroweak gauginos and higgsinos
and correspond to two charge-conjugate pairs of
‘charginos’ χ̃±

1,2 and four neutral Majorana ‘neu-
tralinos’ χ̃0

1,2,3,4, ordered in mass according to their
indices, with χ̃0

1 being the likely LSP.
As we have seen, every matter fermion has two

chiral scalar superpartners, e.g., left and right
selectrons, left and right top squarks and so on –
as we have seen (however if there is no right chi-
ral neutrino then the corresponding right sneutrino
will also be missing). Most of these sparticles and
the Higgs bosons lie aroundMs, whatever that may
be. As already mentioned, the LSP can be quite
a bit lighter. However, the lightest Higgs boson h
in the MSSM turns out to have an upper mass
bound around 135 GeV [44]. This is a very impor-
tant ‘killing’ prediction for this model, since the
LHC, within its first few years, will clearly be able
to confirm or exclude the existence of such a par-
ticle.

Attempts have been made to extend the minimal
model by postulating extra gauge-singlet fields.
In this case the upper bound on h gets relaxed a bit,
but it is difficult to push it much beyond 150 GeV
and impossible beyond 200 GeV. Thus it is fair to
say that the entire idea of supersymmetry in parti-
cle physics, broken around the weak scale, will be
ruled out if no Higgs scalar is found upto a mass
of 200 GeV.

One of the unaesthetic features of the MSSM
is the large number of arbitrary parameters in it.
The Standard Model already has 18 parameters,
while the MSSM, assuming no further input, has

106 extra parameters, 124 in all [46]. This is largely
because the breaking of supersymmetry is intro-
duced in the MSSM in an ad hoc phenomenologi-
cal manner in terms of the ‘soft’ terms referred to
earlier. These amount to giving unknown and dif-
ferent masses to all sparticles. However, there are
more specific schemes of supersymmetry breaking
involving either supergravity interactions or new
gauge forces which can reduce the number of these
parameters drastically.

For instance, there is one such scheme with only
three extra parameters and one unknown sign.
In these schemes, powerful constraints ensue on
the masses and mixing angles of many sparticles,
specifically on the mass ratios of the two lightest
neutralinos and the gluino. With sufficient data
accumulated from the LHC and later from the
ILC, one may be able to discriminate between such
schemes of supersymmetry breaking.

The most important experimental step awaited
in regard to supersymmetry, however, is the
discovery of sparticles themselves. Strongly inter-
acting sparticles like squarks and gluinos, if acces-
sible in energy, should be copiously pair-produced
(assuming R-parity invariance) at the LHC. Each
such sparticle will give rise to a cascade of decay
products eventually ending with the stable LSP.
The two LSPs will escape undetected carrying a
large amount (more than a hundred GeV) of energy
which will cause a major mismatch in the energy–
momentum balance in the event. Such events will
in general be quite spectacular with multi-leptons
and many hadronic jets as well as large ‘missing’
energy and momentum. They will not be accounted
for by Standard Model processes alone, though the
elimination of the Standard Model background will
be a significant challenge. Such events are eagerly
anticipated at the LHC.

6.2 Grand unification

We briefly discussed the proposal that the three
gauge couplings of the Standard Model unify into
one at a high scale. We also saw that this is facili-
tated by (broken) supersymmetry. Let us now dis-
cuss the primary motivation of grand unification.
In the Standard Model, quarks and leptons are
necessarily placed in separate multiplets under the
gauge group. However, if all the quarks and leptons
of each family could be put in the same multiplet
of some gauge group, the resulting model would
be extremely elegant and there would be just one
gauge force instead of three.

The grand unification idea was originally pro-
posed by Pati and Salam [47], though they did
not have a simple gauge group with a single
gauge coupling. Georgi and Glashow [48] then pro-
posed the simple group SU(5) and this leads to
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a grand-unified theory with a single gauge cou-
pling. Historically, these theories were proposed
without supersymmetry, but we now know that
supersymmetry is essential for high-scale coupling
unification, the cornerstone of this idea. So we
restrict our discussion to supersymmetric grand
unification.
SU(5) is the simplest grand unifying gauge

symmetry. Its characteristic energy scale would
be about MU ∼ 1016–1017 GeV where it would
possess a single gauge coupling with a unified
value of (α)−1 of about 1/24 (see figure 8).
SU(5) then breaks into the Standard Model gauge
group SU(3) × SU(2) × U(1) below that scale per-
haps in a manner analogous to the way that
SU(2) × U(1) breaks down to the gauge group for
QED, namely U(1)EM, at the electroweak symme-
try breaking scale near 100 GeV. Thus we have the
chain:

SU(5) → SU(3) × SU(2) × U(1) → U(1)EM.

The Standard Model has 15 chiral states per
fermion family. The counting is done as follows.
There are two left-chiral quarks of three colours
each, as well as a left-chiral electron and neutrino,
making a total of eight left-chiral particles. Except
for the neutrino, each particle has a right-chiral
partner, making a total of 7. Thus, we get 15 chiral
states. Now, among the low-dimensional represen-
tations of SU(5) we find the 5 and the 10. Thus,
it is natural to put these 15 chiral states into these
representations [48a].

As a consequence one finds that the theory has
heavy (∼MU ) gauge bosons denoted by X and
Y with respective electric charges 4/3 and −1/3.
These can convert quarks into anti-leptons and
vice versa. There are also extra heavy fraction-
ally charged Higgs bosons with similar properties.
Both types of heavy bosons mediate baryon- and
lepton-number violating transitions. They thereby
destroy the stability of the proton, which can now
decay into an anti-lepton and a meson, albeit with
a lifetime ∼1034 years which is much greater than
the age of the Universe ∼13.7 × 109 years. Exper-
imentally, any kind of proton decay is yet to be
observed, but the current lower bound on the pro-
ton lifetime from the massive water Cherenkov
detector super-Kamiokande in Japan is 6.6 × 1033

years. More sensitive experiments searching for
proton decay are on the anvil. Thus, the super-
symmetric SU(5) theory is about to face a major
experimental challenge.

A grand unified theory based on SU(5) has
some important inadequacies. Theoretically, it is
not satisfactory that the chiral fermions should
be distributed in two different representations of
the gauge group instead of one. Experimentally,

one finds it difficult here to naturally accommo-
date a neutrino mass ∼0.05 eV for which we would
like to invoke a right-chiral neutrino. In particular,
in this theory the see-saw mechanism, discussed
above, would require a heavy right-chiral neutrino
that is an SU(5) singlet – an ugly feature in a uni-
fied theory, for such a particle can receive a direct
mass bypassing the Higgs mechanism. Then the
mass of such a particle can be much heavier than
the SU(5) breaking scale MU .

For these reasons, another grand unified the-
ory was put forward [49] based on the orthogonal
gauge group SO(10). For an orthogonal group, the
most basic representation turns out to be its spino-
rial one. For SO(10), the spinorial representation
is the 16. This is ideal, since the 15 known chiral
fermions can be accommodated and the 16 mem-
ber can be the right-chiral neutrino whose mass
is controlled by the unified scale at which SO(10)
breaks. Supersymmetric SO(10) grand unified the-
ories have been worked out [50] in great detail
and can easily accommodate the known facts on
neutrino masses. They can also incorporate ideas
like baryogenesis via leptogenesis, with which the
SU(5) theory has problems.
SO(10)-based grand unified theories also have

specific predictions on the lifetimes of various pro-
ton decay channels to be tested by forthcom-
ing experiments. However, this group has rank
5 unlike SU(5) which has rank 4. Consequently,
it accommodates a variety of symmetry breaking
chains to go down to the Standard Model gauge
group and admits more parameters. Hence, there is
greater lattitude in SO(10) grand unified theories
to increase the lifetimes of various proton decay
channels.

6.3 Little Higgs theories

A well-known phenomenon in quantum field the-
ory, is that of the spontaneous breakdown [9]
of a global symmetry. This happens when the
Lagrangian is invariant under the symmetry trans-
formations but the vacuum is not. As a conse-
quence, there are degenerate vacua transforming
among themselves. These lead to massless bosonic
modes called Goldstone bosons. In case a small
part of the Lagrangian also breaks the symme-
try explicitly, these states acquire small masses
and then are called pseudo-Goldstone bosons. The
entire symmetry group, or only a part of it, may be
broken in this way. In the latter case a particular
subgroup of the original symmetry group remains
unbroken.

Let us see how this notion arises in QCD at ener-
gies below or around 1GeV. In this case one needs
to consider only the two lightest quarks (u and
d), the other four being heavy enough that they
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Figure 9. Some diagrams for the decay of a proton into a positron and a neutral pion. The superscript c on a quark
means that it is the charge-conjugate, or anti-quark (from J Iliopoulos, arXiv:0807.4841).

can be safely ignored. Treating the light quarks
as massless, there is a global SU(2)L × SU(2)R
chiral symmetry under which the left-handed up-
and down-quarks form a doublet of the first factor
and the right-handed up- and down-quarks form
a doublet of the second. Now this symmetry is
not seen (even approximately) in nature, but what
we do see is the global symmetry SU(2) corre-
sponding to isospin. This leads us to believe that
SU(2) × SU(2) is spontaneously broken [9] to the
diagonal subgroup SU(2)L+R around the energy
scale ΛQCD ∼ 200MeV. Since SU(2) has three gen-
erators, the original symmetry group has six gener-
ators of which three generators remain unbroken at
the end. Therefore, the other three must be spon-
taneously broken and there should be a triplet of
massless Goldstone bosons. If we now add small
mass terms in the Lagrangian of the theory, these
bosons will acquire masses and become pseudo-
Goldstone bosons. These have been identified with
the observed triplet of pions. This mechanism then
explains why the pions are relatively light.

The little Higgs idea [51] is to conceive the Higgs
scalar as a pseudo-Goldstone boson of some broken
symmetry and to generate its mass in a way simi-
lar to the way the pion mass originates in QCD.
Thus we invent a global symmetry G that sponta-
neously breaks down to H at a certain scale (here,
typically above a TeV). The pseudo-Goldstone phe-
nomenon produces a Higgs mass near the weak
scale. It should be noted that little Higgs models
are really effective theories valid up to 10–100 TeV.

To understand why the Higgs has lost its famous
quadratic dependence on the cut-off, note that
there are new particles in the model and they
occur in a certain pattern. In quantum computa-
tions, the contribution from virtual particles of this
kind cancels the dangerous cut-off dependence of
the Higgs mass. This cancellation is different from
that in the supersymmetric case where it occurs
between virtual particles of different spins. Here

the cancellation takes place between virtual parti-
cles of the same spin as a consequence of the special
‘collective’ pattern in which gauge and Yukawa
couplings break the global symmetries. The mini-
mal scenario for which the scheme works makes the
choice G = SU(5) andH = SO(5) and is called the
‘littlest Higgs’ model. In this case the new particles
in the model include a neutral weak boson Z ′ and
a top-like quark t′, in the multi-TeV mass range.

6.4 Extra dimensions

An entire class of theoretical schemes going beyond
the Standard Model postulate the existence of
additional space-time dimensions beyond the 3+ 1
that we directly observe. The original idea, due to
Kaluza and Klein and dating from the 1920s, was
that there could exist extra spatial dimensions that
would not be in conflict with observation if they
were compactified, i.e., defined on a compact man-
ifold with a very small volume. The simplest exam-
ple would be a single dimension valued on a circle
of radius R.

The motivation for extra-dimensional models is
related to their role in addressing the hierarchy
problem, in unifying the fundamental interactions
(in a way quite different from grand unifica-
tion) and in making physical sense of superstring
theories that are consistent only in higher dimen-
sions. We will discuss all these motivations in what
follows.

In a compactified theory, the volume V of the
compact dimensions needs to be small enough to
satisfy observational as well as experimental con-
straints. The Kaluza–Klein idea was revived seve-
ral times, starting with the advent of supergravity
and continuing into the era of string theory. In the
latter case, as we will see, compactification is nec-
essary to make contact with experiment since the
theory is formulated to start within 10 space-time
dimensions. String models employing such extra
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dimensions to predict signals of physics beyond the
Standard Model at laboratory energies were con-
structed starting in the 1980s. In the last decade or
so, several problems with such models were over-
come and they are now capable of making quite
specific predictions.

Though inspired by the string picture, these
models can be discussed in terms of their low-
energy manifestation without referring to any par-
ticular string theoretic scheme. Currently, there
are two broad categories of models in this genre:
(i) those [51] with two or more ‘large’ (sub-
millimeter to sub-nanometer, or even smaller)
extra dimensions compactified on a torus, say,
and (ii) those [52] with a single ‘warped’ small
extra dimension (close to the Planck length
M−1

Pl ∼ 10−33 cm). Here the term ‘warp’ refers to
the presence of a metric having an exponential vari-
ation along the extra dimension.

6.4.1 Large extra dimensions

If there exist extra spatial dimensions, the fun-
damental scale of quantum gravity in the total
space-time, also called the higher-dimensional
Planck scale M∗, can be much smaller than
the 4-dimensional Planck scale MPl. Now MPl is
directly observable and known to be very large
(∼2 × 1018 GeV), and this largeness is directly
related to the extreme weakness of the force of
gravity in our world.

One is therefore tempted to argue that the very
largeness ofMPl or the weakness of physical gravity
could be due to hidden extra dimensions, with the
underlying (higher-dimensional) quantum gravity
scale being much lower and the underlying gravity
therefore being stronger. For a simple example of
d extra dimensions compactified on circles of equal
radius R, it is easily shown that

M∗ =
MPl

(RMPl)d/(d+2)
.

Thus any value of RMPl � 1 will make M∗ �MPl.
In some versions of this scenario, the Stan-

dard Model matter fields propagate on a 3+
1-dimensional sub-manifold of the full space-time
called a ‘brane’, while gravity propagates in the
entire ‘bulk’ space-time. Now for a compactifica-
tion on a single circular dimension, every field prop-
agating in the bulk will display a characteristic
signature in the 3 + 1-dimensional world in the
form of an infinite tower of states spaced equally in
mass in units of R−1. For addition circular dimen-
sions or more general internal spaces, there are
similar characteristic regularities in the spectrum.
These graviton ‘resonances’ are predicted by these
models and should be seen experimentally.

In the class of such models proposed by Arkani-
Hamed, Dimopoulos and Dvali (ADD), M∗ is taken
to be of the order of a TeV. This requires an
R ∼10(32/d−19) m, which amazingly satisfies all the
observational constraints for d > 1. For instance,
d = 2, 3 and 7 respectively imply R ∼1mm, 1 nm
and 1 fm respectively. A deviation from the inverse
square distance dependence of Newton’s gravita-
tional law is predicted at distances less than or
close to R. For 2 extra dimensions, torsion bal-
ance experiments suggest that M∗ will lie above
the reach of the LHC.

Now if M∗ is O (TeV), the underlying higher-
dimensional quantum gravity acts as a TeV-scale
cut-off on the Higgs mass, in contrast to the Planck
scale cut-off in a conventional 4-d gravity theory.
Thus the naturalness (or hierarchy) problem asso-
ciated with the Higgs mass in the Standard Model
is solved. As a bonus, one has the exciting prospect
of signals from these extra dimensions at TeV ener-
gies, for example at the LHC. Specifically, with
fairly tiny values of R−1 (e.g., R−1 ∼10−3 eV for
R ∼ 0.1mm), a whole tower of graviton-like states,
very closely spaced in mass, will be produced there
without being directly detectable. However, an
incoherent sum of these will contribute to observ-
able events with missing energy and momentum.

Such events are predicted, for instance, with only
one accompanying hadronic jet in the final state:
a configuration more characteristic of the present
scenario than of other beyond-Standard-Model sce-
narios. The total cross sections for such ‘monojet
plus missing energy’ events have been calculated in
these models and have been found to be measur-
ably large at LHC energies. There are additional
signals involving the exchange of virtual gravi-
ton resonances. Another exciting possibility [53]
in such models with a TeV scale quantum grav-
ity is that of producing mini black holes at the
LHC at a huge rate. These will almost instanta-
neously (∼10−26 s) evaporate via Hawking radia-
tion leading to an enormous number of photons as
well as other Standard Model particles in flavour-
blind final states. The current literature is rich with
phenomenological discussions [54] of the possible
occurrence and detection of such events.

6.4.2 Warped extra dimensions

The warped extra dimension idea, due originally
to Randall and Sundrum (RS), has spawned a vast
collection of models. The compact fifth dimension
has a radius R and can be parametrized by an angle
φ, with 0 < φ < 2π (thus the physical coordinate
in this direction is Rφ). The metric of the total
space-time is

ds2 = e−2kRφημνdxμdxν −R2(dφ)2,
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where ημν is the standard Minkowski metric
diag (1,−1,−1,−1) and the exponential warp
factor depends on a constant k ∼MPl. This metric
corresponds to a solution of Einstein’s equations
in five dimensions with a specific negative value
of the cosmological constant. This makes it an
anti-deSitter (AdS) space-time.

Additionally, two 3 + 1-dimensional branes
located at fixed values of the transverse coordi-
nate φ are postulated: one is called the ‘Planck’
or ‘ultraviolet’ brane and lies at φ = 0, while the
other is called the ‘infrared’ brane and is placed
at φ = π. In the simplest models, all Standard
Model fields are located on the infrared brane and
only gravitons propagate in the bulk. Both branes
extend infinitely in the usual three spatial dimen-
sions, but are thin enough in the warped direction
so that their profiles can be well-approximated by
delta functions in the energy regimes of interest.
MPl-size operators on the ultraviolet brane lead to
laboratory energy effects on the Standard Model
brane with a typical scale of Λπ ≡MPle−kRπ. This
can now broadly match with MW with the choice
kR ∼ 12. Thus, at the cost of slightly fine-tuning
the value of kR, the hierarchy problem is taken
care of.

The stability of the separation of the two
(3 + 1)-dimensional branes, or in other words the
value kR ∼ 12, has been investigated. This can be
ensured by the presence of a spin-0 field in the bulk
which needs to have a suitable potential. Charac-
teristic experimental signatures [55] of RS models
come from the spin-two Kaluza–Klein graviton res-
onances which should show up with mass spacings
much larger than in the ADD case. In fact, the
spacings here are in the range of hundreds of GeV.
Moreover, their couplings to ordinary particles are
of nearly electroweak strength since their propaga-
tor masses are red-shifted on the infrared brane.

RS gravitons resonances can be produced from
quark-antiquark or gluon–gluon annihilation at the
LHC, and in e+e− annihiliation at the proposed
ILC. There are also specific signals [56] for the
radion.

7. String theory: Beyond quantum fields

7.1 Physical origins of string theory

The beginnings of the string idea can be traced to
properties of the strong interactions and the quark
model that we have already described. Experi-
ments in the late 1960s indicated that hadrons are
indeed made up of quarks but these are perma-
nently confined, at least at zero temperature and
in a vacuum environment. For mesons (such as
the pion), the constituents are a quark–antiquark

Figure 10. Replacing the flux tube by a fundamental
string.

pair. Confinement could quite naturally be mod-
elled by supposing that the quark and antiquark
are joined by a ‘string’ with a constant tension.
On pulling the quark apart from its antiquark, the
energy would grow linearly, much like the energy in
a rubber band, and the particles would never sepa-
rate. Since we now believe that the gauge field the-
ory of quantum chromodynamics (QCD) correctly
describes the strong interactions, this string would
not be a truly independent object, but could be
created dynamically as a narrowly collimated tube
of colour flux.

A natural quantum-theoretic variation on the
classical string picture is that when the energy
in the flux tube is large enough, it can break by
acquiring a quark–antiquark pair from the vac-
uum. The end result is then a pair of mesons,
one containing the original quark bound to a
new antiquark from the vacuum, the other con-
taining the original antiquark now bound to a
new quark from the vacuum. This is consistent
with the experimental fact that when mesons
(and more generally all hadrons) are subjected
to high-energy collisions, they fragment into other
hadrons whose quark content typically contains
extra quark–antiquark pairs relative to the initial
state.

Early enunciations of this principle were due
to Nambu and Susskind following the work of
Veneziano [57]. They proposed in essence that the
flux tube be treated as a ‘fundamental string’.
Such a string would be open, having two end-
points at which are attached a quark and an
antiquark. In this picture, confinement would be
built in by assigning the string a fixed tension τs
with dimensions of mass per unit length. In units
where � = c = 1, this is equivalent to inverse length
squared. For historical reasons the string tension is
parametrized in terms of a quantity called α′ with
dimensions of (length)2:

τs =
1

2πα′ .

The splitting of an open string into two parts, a
natural interaction to allow in such a theory, would
inherently include the process of popping a quark–
antiquark pair out of the vacuum, since each open
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string in the final state would have its own quark–
antiquark pair at the ends.

It was felt that the string description of hadrons
would be more useful in describing certain aspects
of the strong interactions, but possibly less useful
to describe other aspects. In particular, perturba-
tive QCD, which is well understood using quantum
field theory (as it involves familiar Feynman dia-
gram techniques applied to study the interactions
of quarks and gluons), would not necessarily be
easy to understand in the string picture. However,
phenomena related to confinement would be easier
to study, since confinement itself was built in to the
theory. In this sense it was implicit from the out-
set that, if successful, string theory would provide
a description of strong interactions complementary
to that provided by QCD.

7.2 Quantization of free open strings:
Regge behaviour

These physical ideas led a number of researchers to
take up the quantization of a relativistic fundamen-
tal string, propagating in flat space-time, as a theo-
retical challenge. Formulating a classical action for
a fundamental relativistic string is rather straight-
forward if one uses analogies with relativistic point
particles. In the latter case, the natural invariant
that plays the role of the classical action is the
invariant length of the particle’s world-line. This
action is invariant under two distinct symmetries:
Lorentz transformations in space-time as well as
arbitrary reparametrizations of the intrinsic time
parameter.

For a string one has a two-dimensional ‘world-
sheet’ rather than a world-line, with the two dimen-
sions corresponding to the spatial location along
the string and the intrinsic time parameter. The
natural geometric invariant is now the area of this
sheet. Again this is Lorentz-invariant in space-
time, and also invariant under arbitrary repara-
metrizations of the two world-sheet parameters
together. The latter is a large and interesting group
(less trivial than the reparametrizations of a single
time parameter which arise in point-particle the-
ory). To a large extent this local symmetry group
determines the properties of fundamental strings.

For open strings, one needs to supplement the
‘area law’ action with boundary conditions for
the end-points of the strings. The most natural
boundary condition (and the only one that pre-
serves Lorentz invariance) is the Neumann (N)
boundary condition stating that the end-points
are free to move about in space-time, but that no
momentum flows out of the end of the string. The
other possible boundary condition is Dirichlet (D),
where the ends of the string are fixed to a particu-
lar space-time location. Each of the two endpoints

of a string can have independent boundary con-
ditions, and also the boundary conditions can be
independently chosen as N or D for each direction
of space. D boundary conditions violate transla-
tion invariance and were therefore largely ignored
for many years, but they htring theory dynamics,
as we will see below.

Along with open strings, it is natural to quan-
tize strings that are closed on themselves with no
endpoints. Indeed, since open strings are allowed
to interact by merging their endpoints, one expects
a single open string to be able to turn into a closed
string after such an interaction. Therefore, theories
involving open strings should always have a closed
string sector. In the string theory of strong interac-
tions, closed strings would correspond to states not
involving any quarks. From the microscopic per-
spective such states are excitations purely of glu-
ons, the force-carriers of the strong force, and are
therefore known as ‘glueballs’.

The quantization procedure [58] is similar for
open and closed strings, but the latter case requires
periodic boundary conditions in the parameter
that labels points on the string. For both open and
closed strings, a Hamiltonian treatment can be car-
ried out by suitably gauge-fixing the local world-
sheet symmetries. Then the string reduces essen-
tially to a set of harmonic-oscillator modes for its
transverse fluctuations. The modes are labelled by
an integer and correspond to ‘standing waves’ on
the open string of arbitrary integral wave number.
Excited states of the string are obtained by exciting
each of these oscillator modes an arbitrary number
of times. In this way one finds an infinite collec-
tion of states, each of which has a definite mass
and angular momentum. The spacing of the states
goes like:

(mass)2 ∼ n

α′

for all possible integers n.
One of the first properties to emerge by quantiz-

ing the open-string world-sheet Hamiltonian (and
which was already guessed at from the physical pic-
ture of mesons as open strings), was ‘Regge behav-
iour’. This is the fact that string states lie on linear
trajectories when their angular momentum is plot-
ted against the square of their mass. This is easy
to see qualitatively. The leading Regge trajectory
arises for states that are excitations of the lowest
standing wave. If we excite this mode n times, we
reach a state of (mass)2 ∼ n/α′ as above, but also
(because each excitation is a space-time vector and
therefore carries unit spin) the state has angular
momentum J = n. As a result we find

(mass)2 ∼ J

α′

which is a linear Regge trajectory with slope 1/α′.
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Figure 11. Regge behaviour for a class of mesons (from D Ebert et al, arXiv:0903.5183).

Regge behaviour is observed experimentally.
Large numbers of hadronic resonances are found
which, on a plot of (mass)2 vs. spin, lie on straight
lines.

This is a striking, though rather qualitative,
experimental success for the string description of
hadrons. The proposal has proved very hard to
implement concretely, and to date this remains
an unfinished project, though remarkable progress
has made following the AdS/CFT correspondence,
which we discuss in a later subsection.

7.3 Critical dimension, tachyons, interactions

One experimental feature of Regge behaviour is
that the straight line trajectories have an ‘inter-
cept’, that is, they cut the angular-momentum axis
at a positive value. Thus a massless particle will
have non-zero angular momentum. Moreover, if the
line is produced further, it reaches vanishing angu-
lar momentum at a point of negative (mass)2, or
imaginary mass. Such a point represents an insta-
bility of the perturbative vacuum of the theory,
the corresponding particle being labelled a tachyon
since it travels faster than light. If an intercept a is
present in string theory then there will be a tachyon
of (mass)2 = −a/α′.

The negative (mass)2 means the field T associ-
ated to this particle has a potential with a local
maximum at the origin. If the potential has a sta-
ble minimum at some other value, the tachyon field
will ‘roll down’ to this minimum and the theory
will be well-defined and tachyon-free at the end.
However, if the potential is bottomless then the
instability is serious and the theory is deemed to
be inconsistent (see figure 12).

Careful quantization of the string world-sheet
theory reveals, purely on theoretical grounds, that
an intercept must be present. The world-sheet the-
ory has potential problems with either unitarity

Figure 12. Two possible types of tachyon potentials, one
having a stable minimum and the other being unbounded
below.

or Lorentz invariance, depending on the quantiza-
tion scheme, and in order to preserve both of these
physically essential properties one is obliged to fix
two parameters: the dimension D of the space-time
in which the string propagates, and the intercept
a. A variety of different quantization schemes all
yield a common answer: for open strings, D = 26
and a = 1. Things are not so different for closed
strings: one again finds D = 26 and this time the
intercept is a = 2.

Thus, relativistic ‘bosonic’ strings [58a] are con-
sistent only in 26 space-time dimensions and even
there, both open and closed strings possess tachy-
onic particles in their spectrum. Despite these
problems, the theory possesses some remarkable
features. Among the infinitely many excited states
of the string, the massless states are of particular
interest. Open strings are found to contain in their
spectrum a massless particle of spin-1 (in units
of the Planck constant), while closed strings con-
tain a massless particle of spin-2. Now it has long
been known in relativistic field theory that consis-
tent theories involving spin-1 and spin-2 massless
particles are possible only if, in the former case,
there is gauge invariance, and in the latter case,



270 SUNIL MUKHI AND PROBIR ROY

there is general coordinate invariance. Moreover,
in the latter case the spin-2 particle can be identi-
fied with the graviton, the force carrier of gravity.
Thus either string theory contains within itself the
information about these two local invariances, or
else it will fail to be consistent. To decide between
these alternatives, it is essential to go beyond free
strings and understand string interactions.

For this purpose, it is useful to recast the world-
sheet theory in the language of dynamically fluc-
tuating random surfaces. In a quantum treatment,
one describes the string in terms of a path inte-
gral over random surfaces. These surfaces can
have different topologies. In fact, ‘handles’ in the
world-sheet turn out to correspond to higher-loop
diagrams in field theory language and punctures
of the world-sheet correspond to the insertion of
asymptotic external states. Thus the world-sheet
formalism is able to compute for us not only
the spectrum of a free string but also, almost as
a bonus, the scattering amplitudes for arbitrary
numbers of external string states.

Along with the massless spin-2 particle described
above, closed strings also give rise to a scalar par-
ticle called the ‘dilaton’ Φ with a special property.
Its constant vacuum expectation value acts as the
coupling constant gs in string theory:

e〈Φ〉 = gs.

This interpretation follows from the fact that the
power of gs accompanying the amplitudes is pro-
portional to the genus of the surface. Thus, a
precise procedure exists (in principle) to compute
string scattering amplitudes to any order in per-
turbation theory in gs.

These amplitudes in turn can be converted
into interaction terms in an effective Lagrangian.
The result depends on the background in which
the string is propagating, including the metric
of space-time. Indeed, given the background, the
interactions are completely determined. In this
sense, string interactions are fixed internally by
the theory, very unlike the case in usual quantum
field theory where interactions are inserted in the
Lagrangian by hand.

In quantum field theory, the so-called ‘loop dia-
grams’, corresponding to higher-order contribu-
tions to perturbative scattering amplitudes, are
generically ultraviolet divergent. This led many
decades ago to the introduction of the renormal-
ization programme, specifically for the theory of
quantum electrodynamics. This programme is now
known to work quite generically for gauge theories
including non-Abelian ones, its success being inti-
mately tied to gauge invariance [15]. But it does not
work for gravity, which is therefore believed to be
a non-renormalizable theory. By contrast, in string

theory studies of the loop diagrams clearly indicate
that ultraviolet divergences are generically absent.
While this is a solid formal result, there is also a
simple physical reason for it, namely the spatial
extent of the string ∼�s, which provides an intrinsic
ultraviolet cut-off on all short-distance processes.

Computing the interaction terms (in a flat space-
time background) for the spin-1 and spin-2 mass-
less particles of open and closed strings, one finds
the astonishing result that the self-interactions of
the former turn out to possess (Abelian) gauge
symmetry, while the latter possess general coordi-
nate invariance. In fact the scattering amplitudes
of the spin-2 massless state of the closed bosonic
string precisely reproduce the expansion, in pow-
ers of the metric fluctuation about flat space, of
the famous Einstein–Hilbert Lagrangian for gravi-
tation! The result is particularly noteworthy for the
fact that no information about gravitation or gen-
eral coordinate invariance was put in to the theory
at the outset.

The above results quickly made closed string the-
ory a natural candidate for a quantum theory of
gravity. This marked a departure from the origi-
nal goal of using strings to describe confinement in
strong interactions. In the process the string ten-
sion had to be re-calibrated so that

(�s)−1 ∼ 1019 GeV

as against the strong-interaction value of this quan-
tity which was in the range of 10–100 GeV. One
could now have a theory that naturally contained
gravitation and was ultraviolet finite, one of the
most elusive goals in field theory since the days of
Einstein.

Despite convincing evidence for ultraviolet finite-
ness, the actual computation of loop amplitudes
in bosonic string theory encountered a stumbling
block because of the tachyonic instability referred
to earlier. The presence of the tachyon intro-
duced new types of divergences into loop diagrams.
At this stage it became necessary to understand
whether the tachyon potential has a stable mini-
mum or not. This is a technically hard question,
but it now seems most likely that the closed-string
tachyon indeed has a bottomless potential, as on
the right side of figure 12, which would mean that
the bosonic string theory is inconsistent even in 26
dimensions.

Fortunately the positive features, notably gauge
and gravity fields, of string theory have survived in
a modified version called ‘superstring theory’, that
seems to be free of tachyons and other inconsis-
tencies. Hence today ‘string theory’ usually refers
to the superstring variant, while the bosonic string
has fallen into disuse except as a pedagogical arena
to understand some of the basic notions of string
theory.
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7.4 Superstrings

The addition of new fermionic degrees of freedom
to the string in addition to the usual (bosonic)
space-time coordinates turned out to be a key idea
that remedied most of the defects of the theory
while preserving its positive features. With these
new degrees of freedom, it is possible to implement
supersymmetry on the string worldsheet [58b].
This in turn changes the computations of the crit-
ical dimension and intercept in a crucial way, the
new values being D = 10 for the critical dimension
and a = 0 for the intercept. In the bargain, one
ends up with a theory which is supersymmetric in
space-time and is called ‘superstring theory’ [59a].

Because of the vanishing intercept, superstring
theories have no tachyon. Moreover the critical
dimension is lowered to a point where one makes
contact with previous studies of higher-dimensional
gravitational theories in a Kaluza–Klein frame-
work [60]. We defer discussion of this to a later
subsection.

At tree level (lowest order in perturbation
theory), adapting the technique of summing over
random surfaces to superstring theories one again
finds spin-1 and spin-2 particles whose self-
interactions indicate the presence of gauge invari-
ance and gravity respectively. There are additional
‘superpartner’ particles as required by supersym-
metry. Indeed, fermionic particles now make their
appearance in string theory for the first time, for
they were completely absent in the bosonic string.
Now that there is no tachyon one can compute one-
loop corrections, and here it is quite conclusively
seen that the theory produces completely finite
loop amplitudes for gravitons in flat space-time.
Everything that has been learned about super-
string theory since then has supported the proposal
that it is an ultraviolet finite and consistent theory
of quantum gravity.

Careful investigation revealed that there are pre-
cisely five distinct superstring theories, all con-
sistent only in 10 dimensions. Two of these have
the maximal allowed supersymmetry in 10 dimen-
sions, and are known as N = 2 (corresponding to
32 independent supersymmetry charges). They are
labelled type IIA/IIB superstrings. The remain-
ing three string theories have half this amount, or
N = 1 supersymmetry, or 16 supercharges.

For each of the two maximally supersymmetric
cases, a unique classical field theory possessing all
the desired symmetries (‘type IIA/IIB supergrav-
ity’) is known in 10 dimensions. When we consider
strings in the α′ → 0 limit of slowly varying back-
grounds relative to the string scale, string theory
should reduce to ordinary field theory. In this limit,
symmetry considerations alone tell us that the field
theory must be type IIA/IIB supergravity. Similar

considerations hold for the N = 1 supersymmetric
or ‘type I’ strings. Here, however, the supersym-
metries allow for coupling of supergravity to gauge
fields and there is therefore a gauge group to be
chosen. This choice appears arbitrary (as it usually
is in four-dimensional field theories) until one takes
into account subtle quantum anomalies that occur
due to the chiral or parity-violating nature of the
theory. In a landmark paper in 1984, Green and
Schwarz [61] discovered that the only allowed gauge
groups are SO(32) and E8 ×E8. The three N = 1
supersymmetric string theories correspond to these
two gauge groups, with two string theories having
SO(32) and one having E8 ×E8 gauge group. The
particularly natural way in which the latter can
reproduce many features of the real world upon
compactification to four dimensions caused enor-
mous excitement in 1984 and led to an explosion
of papers on the subject [62].

The fact that string theory reduces to field
theory as α′ → 0, and more specifically that
superstring theories reduce to very well-known
supergravity theories in the same limit, has an
important impact on the way we think about the
subject. First of all, it means that relatively eso-
teric techniques are not necessarily required to
understand string dynamics at low energies, since
effective field theory suffices for this purpose and
our intuition about it has been honed by over
half a century of experience. Second, the domain
where stringy effects become important, namely
at very high (Planckian) energies, is one in which
field theory simply does not work, as evidenced
by the fact that direct quantization of Einstein’s
action is inconsistent at loop level, and it is here
that ‘stringy’ features show up and ‘stringy’ tech-
niques are indispensable. This may suggest that
experiments at present-day energies will never be
able to test string theory, and there is some truth
in this belief within the most obvious scenenarios
(it would of course be equally true for any other
theory that we might propose to describe quan-
tum gravity at the Planck scale). However, there is
some optimism on a variety of fronts, an important
one being in cosmology where Planck-scale energies
could actually be probed by high-precision exper-
iments. There are also unconventional proposals
suggesting that the 10-dimensional Planck scale is
much lower than commonly assumed and therefore
higher-dimensional behaviour might become acces-
sible at accelerators.

In any case, rather than being viewed as a depar-
ture from familiar physics, string theory should
be viewed as a natural modification and exten-
sion of quantum field theory into a domain where
the latter is inapplicable. This is similar in some
ways to the fact that quantum mechanics allows
us to modify and extend classical mechanics into
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the short-distance domain, where the latter simply
fails to apply. The analogy is strengthened by com-
paring the role of the deformation parameters �

and α′:

Quantum Mechanics �→ 0−→ Classical Mechanics

String Theory α′ → 0−→ Quantum Field Theory.

8. String compactification

8.1 Simple compactifications

Having obtained a consistent quantum theory of
gravity and gauge interactions in 10 dimensions via
superstrings, one has already achieved a measure
of success over previous attempts to quantize grav-
ity. Loop amplitudes for graviton–graviton scatter-
ing are calculable in 10D superstring theory for
the first time. All the indications are that super-
string theory is unitary and passes all theoreti-
cal tests for a sensible theory. However one would
like to extend this success by using superstrings
to describe a physical system in four space-time
dimensions that has the structure of the Standard
Model, augmented by gravity.

Compactifying superstring theory per se is quite
natural. The consistency requirement discussed
above only fixes the number of spatial dimensions
to be nine, but does not require all of them to be
infinite in extent. Therefore, it is possible to choose
some dimensions (say six of them) to be compact.
The idea that space has ‘hidden’ extra dimensions
that are compact and therefore unobservable at
low energies, and that this may in some way unify
gauge and gravitational interactions, is nearly a
century old and dates from the work of Th Kaluza
and O Klein. String theory has brought about a
resurrection of this idea. And importantly, it has
for the first time rendered it viable in the context
of quantum and not merely classical theory.

A convenient and relatively simple starting point
for superstring compactification is to consider the
corresponding low-energy supergravity theories in
ten dimensions. Simple but unrealistic compacti-
fications are easy to find, by choosing an internal
manifold that is a product of six circular dimen-
sions. These give rise to four-dimensional theo-
ries with experimentally undesirable features such
as enhanced supersymmetry and parity conserva-
tion, and more generally an inappropriate par-
ticle content compared to the real world. Nev-
ertheless, even these unrealistic compactifications
teach us important lessons. As an example, within
these one can compute graviton–graviton scatter-
ing amplitudes – including loop amplitudes – in
a four-dimensional setting, demonstrating that the

Figure 13. Schematic depiction of six compact and four
non-compact dimensions.

theoretical successes of superstrings are not limited
to ten dimensions.

Before discussing some details of string compact-
ifications, let us also note an important feature of
ten-dimensional superstrings that survives in their
compactifications to four dimensions. This is the
fact that gravity and gauge interactions have a
common origin. Experiment tells us that all fun-
damental forces in nature are either of gauge or
gravitational type. String theory has two types of
strings, closed and open. There is a perfect match:
closed strings are the origin of gravity and open
strings the origin of gauge forces [62a]. It is no sur-
prise that compactified string theory has come to
be seen as the most promising candidate not only
for quantum gravity but also for the unification of
all forces in nature.

It should also be noted that a compactified string
theory is not a different theory from the original
one in ten-dimensional flat space-time, rather both
are to be considered different vacua of the same
underlying theory.

8.2 Early compactifications and moduli

Modern variants of the Kaluza–Klein idea, in vogue
in the early 1980s, had already zeroed in on six
extra dimensions for a variety of phenemenologi-
cally inspired reasons, not least the fact of par-
ity violation in the real world. These developments
were put to use in a landmark paper by Candelas
et al [64] in 1984, who produced a family of com-
pactifications whose starting point was the ‘E8×E8

heterotic string’ in ten dimensions, and for which
the six-dimensional compact manifold was one of
a large class of ‘Calabi-Yau’ manifolds that math-
ematicians had previously studied. The compact
manifold was a classical solution of the supergra-
vity equations of motion. These compactifications
led to a class of four-dimensional field theories with
the following (at the time) desirable properties:
Minkowski space-time with vanishing cosmological
constant, parity violation, a realistic gauge group
and replicating fermion generations. Moroever the
compactified theories had N = 1 supersymmetry
in four dimensions, a phenomenologically desirable
extension of the Standard Model [64a].

Soon thereafter, it became clear that the con-
ditions for a consistent compactification could
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be understood directly in string theory as con-
sequences of conformal invariance on the string
world-sheet. Strings propagating in curved space-
times were described by a non-trivial world-sheet
theory [65]. Quantum effects typically violated con-
formal invariance unless certain conditions were
satisfied [66] and these conditions could be rein-
terpreted as classical equations of motion for the
string [66a].

The compactifications studied in the initial
works of this period had several limitations and
were therefore not yet realistic. A key limitation
was that for every deformation mode (the math-
ematical terminology is ‘modulus’) of the internal
Calabi–Yau manifold, a scalar particle with a van-
ishing potential, and therefore in particular zero
mass, would necessarily exist in the compactified
theory, in flagrant contradiction with experiment.
Most compactifications indeed gave rise to hun-
dreds of such ‘moduli’ particles. It was expected
that some mechanism would ‘lift’ the moduli by
generating a potential to stabilize them, but work
on this question proceeded somewhat slowly, partly
because the new theoretical tools needed for essen-
tial progress had not yet been discovered.

With the advent of D-branes in the mid-1990s
and the subsequent landmark discovery of the
gauge/gravity correspondence (both are discussed
in the following section), string compactification
received a new impetus. Its goals could now be
addressed using novel theoretical tools. It also
became clear on the experimental side that there
is a ‘dark energy’ most plausibly described by
assuming that gravitation includes a small posi-
tive cosmological constant. Thus instead of seek-
ing a compactification to Minkowski space-time,
the goal was revised to find string compactifica-
tions to asymptotically de Sitter space-time in four
dimensions.

The culmination of many attempts in this direc-
tion came with a classic work by Kachru et al [68]
in which recent theoretical developments in string
theory were successfully incorporated into a class
of compactified models. Their models start with
‘warped’ internal space-times with fluxes turned
on, locally resembling anti-de Sitter space-time as
in the gauge/gravity correspondence (see the fol-
lowing section). Besides the fluxes, which stabi-
lize many of the moduli, non-perturbative effects
are invoked to stabilize the remaining moduli.
Inserting anti-branes (the D-brane analogues of
antiparticles) into the warped geometry has the
effect of breaking supersymmetry and lifting the
cosmological constant to a positive value. The
resulting models were grossly similar to the stan-
dard model and had no massless particles.

It soon became clear that string theory admits
an enormous number (sometimes estimated as

10500 [69]) of consistent vacua fulfilling basic phys-
ical requirements. This led to the problem that
there could be an enormous number of vacua
describing worlds arbitrarily close to the real world,
hence it would be virtually impossible to find
‘the right one’. Moreover, it then becomes hard
to see what principle selects one out of such a
large multiplicity of vacua. Some scientists support
the ‘anthropic principle’ according to which one
favours the kind of vacua that admit the possibility
of human life, but others find this approach unsci-
entific (a lucid exposition of the principle for the
layman can be found in ref. [70]). It is fair to say
that this issue is not conclusively settled at present.

9. Duality, D-branes and the
gauge/gravity correspondence

9.1 Solitons, duality and D-branes

In the early 1990s it was found that classical string
theory has a spectrum of charged stable solitons
that are typically extended in one or more spa-
tial directions. Since these were generalizations
of membranes to higher dimensions, with simi-
lar properties to black holes, they were dubbed
‘black branes’ [71]. They were discovered as classi-
cal solutions of the effective low-energy supergrav-
ity theory, possessing both flux (because of their
charge) and a gravitational field (because of their
tension). Their existence was of interest, if not
entirely unprecedented, because they possessed
some elegant theoretical properties including the
preservation of upto half the supersymmetries of
the underlying theory. Additionally they filled an
important gap in type II superstring theories:
the perturbative string spectrum of these theo-
ries included some massless tensor gauge fields
(analogous to photons, but with additional vec-
tor labels) that are for technical reasons known as
‘Ramond–Ramond’ fields. But surprisingly, there
did not seem to be any states in the theory that
were charged under these gauge fields. This anom-
alous situation was resolved when some of the
extended solitons turned out to carry Ramond–
Ramond charges, one consequence of which was to
render them stable.

Solitons, such as vortices or monopoles, are non-
perturbative objects in field theory. The techniques
available to study them are typically somewhat
limited, as even lowest order perturbation theory
is relatively difficult to carry out in non-trivial
backgrounds. Hence this discovery attracted only
moderate interest for some years, until a path-
breaking observation was made by Polchinski in
1995 [72]. He carefully studied open strings whose
end-points have Dirichlet boundary conditions
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Figure 14. A planar D p-brane, showing allowed open
strings and spatial directions.

along some subset of nine spatial directions and
Neumann boundary conditions along the remain-
ing directions. Such boundary conditions cause the
string end-points to be ‘anchored’ on a hyper-
surface of dimensionality equal to the number
of Neumann boundary conditions. This defines
a ‘wall’ of any desired codimension in space,
as depicted in figure 14. Polchinski provided a
convincing argument that such walls were actu-
ally dynamical objects, and he used open-string
dynamics to compute their tension. He also showed
that some of these ‘Dirichlet branes’ or ‘D-branes’
as they came to be known, carried Ramond-
Ramond charges. It was then natural to identify
them with the classical solitons carrying RR charge
that had already been discovered.

In this sense the objects were not new, but
the fact that their dynamics could be completely
described by open strings was novel and would
ultimately come to have an enormous impact on
several branches of physics. In particular, the ori-
gin of non-Abelian gauge symmetry in open-string
theories now became very natural, since a collec-
tion of N parallel D-branes supports N 2 distinct
open strings (each end-point can independently lie
on one of the branes). These convert the massless
excitations of the string into a matrix-valued gauge
field. String interactions then automatically pro-
duce interactions of Yang–Mills type.

A parallel development, also inspired by the
initial discovery of branes as classical solitons in
string theory, was the growing realization that
certain compactifications of type II superstring
theory possessed non-perturbative ‘duality’ sym-
metries interchanging strong and weak coupling
[73]. The presence of such symmetries was, and
still is, generally impossible to ‘derive’, as they
exchange a weakly coupled (and therefore accessi-
ble) theory with a strongly coupled (and therefore
ill-understood) theory. Nevertheless, impressive
evidence could be accumulated in favour of the
duality symmetries. In particular, they exchanged
fundamental string states with solitonic states, and
therefore the discovery of solitons carrying the

appropriate charges made for a strong case in sup-
port of duality. Similar dualities also appeared
in highly supersymmetric quantum field theories
where they exchanged electric fundamental par-
ticles with solitonic magnetic monopoles. Super-
symmetry was invoked to guarantee that solitons,
as also the fundamental string theory/field theory
states, existed both for weak and strong coupling,
so that they could be meaningfully compared.

Synthesizing all the above developments, it
finally emerged that the five different string theo-
ries (type IIA, IIB, I, and the two heterotic the-
ories) were really different ‘corners of parameter
space’ of a single common theory. This unifica-
tion of all string theories was deeply satisfying and
reasserted the role of string theory as a fundamen-
tal framework. Moreover, a sixth and very surpris-
ing corner of parameter space was found that was
not a string theory at all! It was a theory involv-
ing membrane excitations and having a low-energy
description in terms of 11-dimensional supergrav-
ity. This theory, dubbed ‘M-theory’, is sometimes
considered to be the master theory underlying
all string theories. The dynamics of membranes
appears to play a key role in this theory and
has been the subject of significant recent develop-
ments [74].

9.2 Black hole entropy

The discovery of strong-weak dualities and D-
branes provided impetus to an old programme
to understand the nature and fundamental mean-
ing of black hole entropy. The famous Bekenstein-
Hawking result stated that black holes appeared
to have an entropy proportional to their horizon
area (with a precisely known coefficient), and this
entropy obeyed the laws of thermodynamics. What
was not clear until the mid-1990s was whether
this thermodynamic behaviour was (as in con-
ventional statistical mechanics) simply the result
of averaging over an ensemble with microscopic
degrees of freedom, or pointed to some new physics
altogether.

String theory being established as a consistent
theory of quantum gravity, it was a natural place
to try and settle this question. In a definitive work
[75] it was shown that a class of black holes in string
theory can be described, for some range of parame-
ters, as D-brane bound states and that these can
be counted accurately and give an entropy in exact
agreement with the Bekenstein–Hawking formula
including the numerical coefficient [75a]. Following
this dramatic result, a number of generalizations
were found. Additionally, decay rates for black
holes in the macroscopic picture (via Hawking radi-
ation) and the microscopic picture (via emission
of quanta by branes) were compared and found to
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agree [77]. These successes mean that string theory
has passed an important test required of any can-
didate theory of quantum gravity, namely to shed
new light on the famous paradoxes involving black
holes.

9.3 The gauge/gravity correspondence

A novel correspondence, that has come to dom-
inate many areas of theoretical physics over the
last decade, was proposed in 1997 by Maldacena
[78]. The argument starts with the equivalence
between black branes (gravitating solitons) and D-
branes (open-string end-points). Both sides of this
equivalence admit a low-energy limit in which the
string length �s is scaled to zero keeping energies
fixed. For black branes, this limit keeps only the
‘near-horizon’ region, which is the 10-dimensional
space-time AdS5 × S5. Here the first factor rep-
resents five-dimensional anti-de Sitter space-time
[78a], while the second factor is a five-dimensional
sphere. Applying the same low-energy to D-branes,
it is found that the surviving part of the action
describes a maximally supersymmetric Yang–Mills
gauge theory in four dimensions.

Thus it was proposed that superstring theory
in an AdS5 × S5 space-time is exactly equiv-
alent to maximally supersymmetric (technically:
N = 4 supersymmetric) Yang–Mills theory in four-
dimensional Minkowski space-time. Even though it
may sound unlikely that a ten-dimensional string
theory can be equivalent to a four-dimensional
quantum field theory, a huge body of evidence has
by now been amassed in favour of the correspon-
dence, starting with a comparison of symmetries,
spectra and other basic properties. A key role is
played by conformal symmetry of the Yang–Mills
theory, which is realized as an isometry of anti-de
Sitter space.

The duality has two classes of applications:

(i) Starting with the Yang–Mills theory, it offers a
potentially complete non-perturbative descrip-
tion of a string theory incorporating quantum
gravity. Thereby it promises to teach us fun-
damental things about quantum gravity.

(ii) Starting with the string theory, it offers the
possibility of studying non-Abelian gauge the-
ories in a regime of parameter space where they
are hard to understand directly, and specifi-
cally opening a window to the study of quark
confinement.

In most practical applications to date, the string-
theoretic aspects of the AdS theory are not even
used, as one works in the limit of large AdS radius
R (and weak string coupling) in which string the-
ory reduces to classical supergravity. The price
one pays for this simplification is that it applies

only when the gauge theory has a large number of
colours N � 1 and the ’t Hooft coupling g2N is
also large.

The physics of black holes in AdS space-time
plays an essential role in learning about confining
gauge theories. A key result in this area is that if
one continues the gauge theory to Euclidean signa-
ture and introduces a temperature, then there are
two distinct AdS-like space-times dual to the gauge
theory, one valid for low temperatures (‘thermal
AdS space-time’) and the other for high tempera-
tures (a black hole in AdS space-time). Next, it can
be argued that there is a phase transition between
the two space-times at some intermediate temper-
ature Tc. This phase transition corresponds to the
formation of black holes above Tc, which – using the
Bekenstein–Hawking formula – is seen to release a
large amount of entropy S ∼ R8 where R is the size
scale of the AdS space. Translating the result back
to the gauge theory, one finds that this entropy
is of order N 2 where N is the number of colours.
This is the expected result if Tc is the deconfine-
ment temperature above which free quarks/gluons
are liberated. It is extremely striking that black
hole formation and quark confinement, two of the
most subtle and fascinating phenomena in physics,
are for the first time linked to each other in the
AdS/CFT correspondence [79].

Admittedly the super-Yang–Mills theory used in
this discussion is rather far from true QCD in its
dynamics, but appears to fall in a similar universal-
ity class when the temperature and other parame-
ters are chosen appropriately. Considerable work
has gone into making more sophisticated dual pairs
where the gauge theory is closer to true QCD. The
holy grail, an analytic proof of confinement in true
QCD, still remains elusive at the time of writing
this article.

A more recent application of the correspondence
is carried out not in Euclidean but directly in
Minkowski signature, still at finite temperature.
In this case the appropriate dual is argued to be a
black 3-brane in AdS space-time. This object has
a horizon whose dynamics can be described using
a previously known ‘membrane paradigm’ for black
holes. On the field theory side, at finite temper-
ature and long wavelengths the natural descrip-
tion is in terms of hydrodynamics of a plasma.
Thus, in this situation one uses the gravitational
system to learn about the properties of a gauge
theory fluid, potentially similar to the one created
in ultra-relativistic high-energy collisions. Gravity
offers a powerful way to calculate transport coeffi-
cients such as shear viscosity, for the fluid, and to
derive the non-linear equations of boundary fluid
dynamics [80]. As with the earlier discussion on
confinement, the duality here is best understood
for a fictitious fluid made up of the quanta of
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N = 4 supersymmetric gauge theory rather than
true QCD. However, the remarkably useful predic-
tions from this approach make it likely that at least
some of the results are applicable to the real world,
and that with more sophisticated models it might
be possible to study true quark-gluon plasma [81]
in this way.

10. Concluding remarks

We have tried in this article to give a panoramic
view of the main theoretical developments which
have taken place in high energy physics since its
inception more than half a century ago. During
this period experimenters have probed the energy
range from a giga-electron volt to a tera-electron
volt, while theorists have come up with the Stan-
dard Model which successfully explains most of
the acquired data. The Standard Model does, how-
ever, have inadequacies which have led to new pro-
posed theoretical schemes predicting characteristic
experimental signals at the TeV scale. There is also
a linkage with physics at very large distances of the
order of giga light-years through speculated weakly
interacting massive particles forming cosmological
dark matter.

There has been a paradigm shift from field the-
ory to string theory, which potentially provides a
framework to explain quantum gravity and to unify
it with the other three interactions of the Standard
Model. In addition, string theory provides novel
techniques to address important dynamical ques-
tions about the strong interactions.

With higher tera-scale energies about to be
probed by the forthcoming Large Hadron Collider,
the field of high energy physics is vibrant with
expectations for a new breakthrough.
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